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Composite materials consisting of two or more different phases are very extensively 
used in modern society. If the composite is designed and fabricated correctly, then 
desirable properties not available in any single conventional material can be 
achieved. Ceramic reinforced aluminium alloys are desired for high performance 
applications due to their superior properties compared with the soft, unreinforced 
metal. However „traditional‟ particle or fibre reinforced composites suffer from a 
limited ability to achieve high reinforcement levels. Interpenetrating composites 
(IPCs) have 3-3 connectivity, with both the matrix and reinforcement phases being 
fully connected; they are expected to provide truly multifunctional properties. Whilst 
pressure is normally needed for the processing of IPCs due to the poor wetting 
between most aluminium alloys and ceramic materials, it raises the risk of ceramic 
preform damage and limits the component shape. In this research, interpenetrating 
composites were produced at atmospheric pressure by infiltrating 10 wt% 
magnesium content Al-Mg alloys into 15-40% dense, gel-cast ceramic foams with 
average cell sizes from 100 to 500 µm, made from three different ceramics.  
 
Previous research at Loughborough University focused on the aluminium / alumina 
system. In this study, the ceramic foams were made from spinel, mullite and silicon 
carbide. Effects of processing parameters, including atmosphere, temperature and 
time, were investigated. The results showed that heating the metal-ceramic couple in 
Ar and infiltrating in N2 followed by cooling in Ar was a better approach for the 
infiltration process than heating in N2 during the whole process. The Al(Mg)/spinel 
system was observed to require the lowest processing temperature and shortest 
time compared with the Al(Mg)/mullite and Al(Mg)/alumina systems. 
 
Microstructures of IPCs were characterised using a series of techniques, including 
optical microscopy, field emission gun scanning electron microscopy (FEG SEM), X-
ray diffraction (XRD), dual beam focused ion beam (DBFIB) and transmission 
electron microscopy (TEM). A continuous nitride layer consisting of AlN and Mg3N2 
was observed at the metal-ceramic interface of the spinel and mullite-based IPCs 
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with MgO and MgAl2O4 observed at localised positions, similar to alumina-based 
composites. Based on these results, a two-step nitridation infiltration mechanism has 
been proposed for oxide ceramic foam / aluminium-magnesium IPCs. The infiltration 
is believed to be dependent on the reaction between Mg and N2 to form Mg3N2, 
which then deposits onto the oxide ceramic foam surface; once in contact with 
molten Al, Mg3N2 reacts with the Al to form AlN, which is wetted by the liquid 
aluminium and induced the infiltration. In the case of mullite-based composites, a 
small amount of Mg2Si was observed as a result of the reactions between the SiO2 
phase in the mullite foam and the liquid metal.  
 
The feasibility of fabricating SiC foam / Al-Mg and SiC foam / Al-Si IPCs by 
pressureless infiltration of molten Al alloys into gel-cast SiC foams has been also 
evaluated in this research. Serious degradation of the SiC foam was observed in the 
SiC / Al-Mg IPCs, resulting in the formation of Mg2Si and Al4C3, whilst the SiC foam 
could not be spontaneously infiltrated by the Al-Si alloy without the presence of Mg. 
A modified pressureless infiltration technique was developed to allow the 
manufacture of fully infiltrated SiC foam / Al-Si interpenetrating composites, with little 
degradation of the SiC foam and very little formation of detrimental phases. 
 
Preliminary property characterisation showed that the ceramic-foam based IPCs 
were up to twice as wear resistant as composites made by infiltrating a bed of 
ceramic powder. Effects of parameters on wear resistance have been investigated, 
including the ceramic material, foam density, cell size and degree of sintering. The 
denser the ceramic foam, the stronger the foam struts, and hence the more effective 
the composites were in resisting wear. However, a non-linear relationship between 
the foam cell size and the wear rate was observed; the composites with moderate 
mean foam cell sizes exhibited better properties than composites with smaller or 
larger cell sizes. Thermal expansion behaviour of the IPCs has been also studied; a 
clear hysteresis was observed in the strain curve between heating and cooling. The 
coefficient of thermal expansion (CTE) was observed to vary as a function of 
temperature. 
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1.1 Introduction 
Composites are materials that consist of two or more phases generally exhibiting 
properties that are superior to either of the single components. Ceramic reinforced 
Metal Matrix Composites (MMCs), which combine metallic properties and ceramic 
characteristics together, show attractive physical and mechanical properties. While 
the matrix can be any metal or alloy, most interest has been shown in the lighter 
structural metals with higher modulus, hardness, wear resistance and reduced 
coefficient of thermal expansion (CTE) than unreinforced metallic materials [1,2]. 
Interest in MMCs has increased for use in aerospace, automotive and other 
structural applications as a result of the availability of relatively inexpensive 
reinforcements and the development of various processing routes [3].  
 
Al and its alloys, such as Al-Mg alloys, have been widely used in composite 
fabrication. Their practical and potential applications include combustion engines, 
brake systems in vehicles; parts in turbine engines, helicopters, spacecraft and 
aeroplanes; thermal management parts (such as heat sinks, electronic packaging, 
and heat transfer elements); and components of increased wear resistance at low 
weight [2][4].  
 
A wide variety of processes have been developed for the fabrication of materials 
having a composite structure. The traditional approaches for fabricating composites, 
such as stirring particles into molten metals followed by casting, usually results in 
materials with microstructures consisting of discrete, dispersed, and isolated phases 
embedded in an otherwise homogeneous matrix material  [5]. These composites have 
drawbacks of limited volume fractions of the second phase, lack of control of the 
structure, or matrix dominated properties. These drawbacks mean that composites 
cannot fulfil the requirements as truly application-tailored materials [5].  
 
The traditionally fabricated MMCs such as those outlined above are defined as 0-3, 
1-3 and 2-2 respectively, that is, whilst the matrix phase is continuous throughout the 
material, the dispersed phase is either not interconnected in any of the three 
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dimensions (0-3) or, if continuous fibres or laminates are used, connected in a single 
dimension (1-3) or two dimensions (2-2). More recently, attention has focused on 
interpenetrating/co-continuous composites (3-3), in which each phase is self-
connected in 3 dimensions [5]. Interpenetrating composites (IPCs) with 3-3 
connectivity have a much larger range of volume fractions. Hence, with each phase 
contributing its own characteristics to the properties of the composites, truly 
multifunctional properties can be expected, which can also be macroscopically 
isotropic [5].  
 
The major difficulty in fabricating interpenetrating composites is in controllably 
producing the requisite connectivity and spatial distributions of the two or more 
component phases, especially on a finer scale, where it is not feasible to assemble 
the microstructure architecturally [5]. One method for fabricating metal-ceramic 
interpenetrating composites is to infiltrate the metal phase into a pre-existing ceramic 
preform, such as porous materials that display complete pore interconnectivity, or 
powder beds of the second phase [6,7]. Due to the poor wettability between most 
metals and ceramics, pressure is normally needed; this process is called forced 
infiltration, of which the main disadvantages are that the ceramic preform may be 
damaged and components with complex shapes are difficult to produce [7].  
 
In Loughborough, a pressureless infiltration technique has been used. The 
advantages include complex shape capability, hence near net-shape forming, low 
risk of damaging the ceramic preforms, and it is potentially cost-effective and hence 
suitable for industrial production [6]. By controlling the structure of an initial porous 
material, e.g. gel-cast ceramic foams, in terms of the porosity, the size and shape of 
the pores, the size of the windows between the pores and the nature of the struts 
separating them, it is possible to design and fabricate interpenetrating composites 
with customised structures [8]. 
 
From the literature, most of the research on interpenetrating composites made by 
pressureless infiltration is in the Al / Al2O3 material system. In the previous research 
at Loughborough, Al / Al2O3 interpenetrating composites have been successfully 
produced using a pressureless infiltration technique, and the underpinning 
mechanisms have been studied. It is suggested that Mg as an alloy addition, a N2 
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atmosphere and a high temperature are all desired to achieve the spontaneous 
infiltration. The mechanical properties have been characterised, in terms of wear 
resistance, flexural strength and hardness, and have been shown to be better than 
traditional ceramic reinforced metal matrix composites [6]. 
 
This research selected other ceramic materials to produce IPCs, such as spinel, 
mullite and silicon carbide, which are well known as high performance ceramics, 
each with its own advantages. In particular, it is suggested that the formation of 
spinel from Mg and Al2O3 during the processing is beneficial to the spontaneous 
infiltration of the molten Al into the Al2O3 preform [6]. Therefore, it is believed that the 
wetting between spinel and Al alloy is better than that between Al2O3 and Al alloy, 
and consequently, will simplify the infiltration process. The infiltration process used in 
this project is based on the previous work in Loughborough and the plan was to 
optimise it for each material system. 
 
1.2 Project Aims 
The aims of this research were to: 
 
(1) produce Al-Mg alloy interpenetrating composites from a range of ceramic 
foams, e.g. spinel, mullite and silicon carbide, using the pressureless 
infiltration technique; 
(2) optimise the processing conditions for each material system including 
processing temperature and time for full and fast infiltration; 
(3) understand the underpinning mechanism of the spontaneous infiltration 
and compare it across different materials systems; 
(4) use the infiltration for other Al alloys and ceramic performs; 
(5) characterise the interpenetrating composites in terms of their 
microstructure and physical and mechanical properties; 
(6) find the potential applications of the interpenetrating composites and move 
them towards commercialisation. 
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2.1 Introduction 
 
This chapter reviews the development of the metal-ceramic interpenetrating 
composites and their processing and properties with theoretical background. First, a 
definition of interpenetrating composites is given comparing with conventional metal 
matrix composites. Different processing techniques for the fabrication of metal-
ceramic interpenetrating composites are then introduced, especially liquid metal 
infiltration techniques, with an emphasis on the pressureless/spontaneous infiltration 
and its theories. Characteristics of the materials involved in this research are 
reviewed, and the preparation of the porous ceramic preforms/foams is introduced. 
Finally, properties of the metal-ceramic interpenetrating composites are reviewed, 
particularly the wear resistance and thermal expansion behaviour. 
 
2.2 Ceramic Reinforced Metal Matrix Composites (MMCs) 
 
A composite material can be described as a mixture of component materials 
designed to meet a specific engineering role by exploiting the desirable properties of 
the components, whilst minimising the harmful effects of their less desirable 
properties [2]. After more than a quarter of a century of active research, composites 
based on metals are now making a significant contribution to industrial and 
engineering practice [9]. 
 
Metal matrix composites (MMCs) are a broad family of materials aimed at achieving 
an enhanced combination of properties. Whilst the matrix can be any metal or alloy, 
most interest has been shown in the lighter structural metals with the objectives [2,10] 
including:  
 
 Increase in creep resistance at higher temperatures compared to that of 
conventional alloys, 
Chapter 2. Literature Review 
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 Increase in fatigue strength, especially at higher temperatures, 
 Improvement of corrosion resistance, 
 Increase in Young‟s modulus, 
 Reduction of thermal elongation. 
 
With functional materials, there is another objective, which is the precondition of 
maintaining the appropriate function of the material, e.g. [10]: 
 
 Increase in strength of conducting materials whilst maintaining a high 
electrical and thermal conductivity, 
 Improvement in low temperature creep resistance (reactionless materials), 
 Improvement of wear behaviour (sliding contact), 
 Increase in operating time of spot welding electrodes by reduction of burnouts, 
 Production of layer composite materials for electronic components, 
 Production of ductile composite superconductors, 
 Production of magnetic materials with special properties. 
 
Metal matrix composites can be classified in various ways. One is on the basis of 
type and contribution of reinforcement components in particle-, layer-, fibre- and 
penetration/interpenetrating composite materials, Figure 2.1 [2,10]. Fibre composite 
materials can be further classified into continuous fibre composite materials (multi- 
and monofilament) and short fibre or whisker composite materials, Figure 2.2 [9,10]. 
Each of these classes of MMCs has its particular characteristics in terms of available 
production and fabrication routes, resultant physical and mechanical properties and 
corresponding applications.  
 
Composites reinforced by particles, layers and fibres can be classified depending on 
whether the reinforcement is continuous or discontinuous; the metal matrix serves 
quite different roles in each case. In the case of continuous fibres or whiskers with 
high aspect ratios (length/diameter), the matrix holds the fibres together to align 
them in the desired stress direction and to transfer the applied load to the fibres. The 
mechanical properties of the composite depend on the efficiency of the matrix in 
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transferring the load to the reinforcement fibres and hence the quality of the 
fibre/matrix bond [2,10]. 
 
 
 
 
 
 
 
 
 
Figure 2.1. Classification of metal matrix composites after [10]. 
 
 
 
 
 
 
 
 
 
 
Figure 2.2. Schematic presentation of three shapes of metal matrix composites  [9]. 
 
For non-continuous fibres or whisker reinforcements, the increases in strength are 
related to the critical aspect of the length to diameter ratio of the reinforcement. High 
aspect ratio, corresponding to a lower chance of fibre damage, is a critical 
requirement during processing of this kind of MMC [2]. 
 
Terry and Jones [2] summarised the advantages and disadvantages in broad terms: 
 
 Discontinuous MMCs: 
- Advantages: less expensive to produce; isotropic properties.              
- Disadvantages: inferior mechanical properties compared with continuous 
Composites with metal phase 
Layer 
composites 
(Laminates) 
Interpenetrating 
composites 
Fibre 
composites 
Dispersion 
hardened and 
particle 
composites 
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reinforcement; limited secondary formability.  
 Continuous MMCs: 
- Advantages: superior mechanical properties. 
- Disadvantages: more expensive and difficult to produce; properties generally 
anisotropic or complex multilayered configurations required to achieve quasi-
isotropic properties.  
 
2.3 Aluminium Matrix Composites (AMCs) 
 
2.3.1 Introduction 
Aluminium and its alloys form the most widely investigated matrix for use in MMCs 
due to their low cost relative to the other light structural metals, e.g. magnesium and 
titanium, their capability to be strengthened by precipitation, their good corrosion 
resistance, high thermal and electrical conductivity, and their high damping capacity 
[2]. Studies of aluminium matrix composites (AMCs) can be traced back to the 1920s 
[11]. Following successful demonstration and qualification programmes, AMCs are 
now being used in aerospace and automotive industries, and in sporting goods, 
electronic packaging, and armour systems.  
 
AMCs offer a large variety of mechanical properties depending on the chemical 
composition of the aluminium matrix and the reinforcement, which is usually ceramic, 
e.g. Al2O3 and SiC, or others such as carbon fibre and Kevlar [2]. Properties of 
AMCs can be tailored by varying the nature of constituents and their volume fraction. 
The major advantages of AMCs compared with the equivalent unreinforced materials 
are [11]: 
 
 Higher stiffness 
 Improved high temperature properties 
 Controlled thermal expansion coefficient 
 Thermal/heat management 
 Enhanced and tailored electrical performance 
 Better abrasion and wear resistance 
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 Improved damping capabilities. 
 
2.3.2 Aluminium and Its Alloys 
 
2.3.2.1 Pure Aluminium 
Aluminium is now the world‟s second most commonly used metal. There is a wide 
and varied family of aluminium alloys now used for a multitude of purposes; from the 
thinnest foil for wrapping through every engineering industry to high technological 
applications in aeronautics, space exploration and electronics. Table 2.1 gives some 
physical properties of pure aluminium [12]. 
 
Table 2.1: Physical properties of pure aluminium [12]. 
Property Value 
Colour – reflected light Silvery white 
Crystallographic structure Face-centred cube 
Lattice constant α at 25°C 0.40414 nm 
Minimum inter-atomic distance 0.28577 nm 
Melting point 660.2°C 
Density at 20°C 2.699 g cm-3 
Density at 660°C 2.55 g cm-3 
Density at 660.2°C 2.38 g cm-3 
Volume change on solidification 6.7% 
Casting contraction (linear) 1.7-1.8% 
Boiling point  2057°C 
Vapour pressure at 1200°C 1 Pa 
Heat of fusion 387 J g-1    
Heat of vaporisation 8200-8370 J g-1       
Linear coefficient of thermal expansion106 °C-1 23.0            (20°C-100°C) 
Linear coefficient of thermal expansion106 °C-1 28.1            (20°C-600°C) 
Linear coefficient of thermal expansion106 °C-1 31.1            (at 500°C) 
Viscosity at melting point  130 m Nsm-2 
Surface tension at melting point 914 m Nm-1 
Electrical conductivity at 20°C 
  International Annealed Copper 
  Standard (IACS)=100 
 
65.5% 
 
Aluminium is classed as a very reactive and easily oxidisable element. However, in 
practice it proves to be very resistant to corrosion both in the form of pure metal and 
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when alloyed, due to the formation of a very thin, compact and firmly adherent oxide 
film that is insoluble in water and many other chemicals. This oxide film, as formed in 
air, is only ~4 to 5 nm thick, but its thickness may increase to ~200 nm thick when 
heated in air for long periods. [12] 
 
The modulus of elasticity of aluminium is relative low and is sensitive to small 
changes in the quantity of impurities present. The value of Young‟s modulus for 
99.997 wt% pure aluminium is 64 GPa, and increases to 69 GPa for 99.950 wt% 
pure aluminium. The values for commercial grades of aluminium are ~65 to 80 GPa. 
The shear modulus is 25 GPa and Poisson‟s ratio is 0.32-0.26 [12]. The strength of 
the various grades of pure aluminium is increased only by cold work, which reduces 
ductility. The tensile properties depend upon the manufacturing process employed. 
Sand castings yield lower strength than chill cast metal; hot and cold worked metal 
has a denser and finer grain structure than cast material; in the annealed condition 
the strength of wrought aluminium is higher than cast. The hardness of soft 
aluminium is 17 on the Vickers Diamond scale and rises to 40 when cold worked to a 
80-90% reduction in thickness. [12] 
 
2.3.2.2 Aluminium-Magnesium Alloy 
The aluminium alloys used in the composites are not tailored alloys but are generally 
commercial alloys in the 2000, 4000, 5000, 6000 and 7000 series. Magnesium is a 
very common alloy addition for aluminium to improve the strength by solid solution 
hardening. The magnesium in the commercial aluminium alloys (5XXX) ranges from 
0.5 to 12-13 wt% Mg. The equilibrium diagram of Al-Mg system is shown in Figure 
2.3 [13]. The addition of magnesium to form alloys results in a reduction in the 
density to 2.55 g cm-3 for a 10 wt% cast magnesium content or 2.63 g cm-3 for 8 wt% 
wrought aluminium-magnesium alloy [12]. The low-magnesium alloys have the best 
formability, whilst those with high-magnesium have good castability and high 
strength. It is normal practice to prepare these alloys from the higher grades of 
aluminium (99.7 or better) to obtain maximum corrosion resistance; thus the iron and 
silicon contents are usually lower than in other aluminium alloys [12]. In the 
aluminium-magnesium commercial alloys solidification starts with the α (aluminium 
solid solution) as primary crystals and usually growing as dendrites, with other 
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constituents segregating at the grain boundaries or between the dendrite arms. In 
alloys with more than both 10 wt% magnesium and 0.5 wt% silicon, Mg2Si crystals 
may be present in the form of cubes or hexagons [12]. 
 
 
Figure 2.3: Equilibrium diagram of Al-Mg system (mol%) [13]. 
 
The magnesium content is the main factor that controls the mechanical properties of 
the Al-Mg alloy, with contributions of other alloying elements. Similar to pure 
aluminium, the compressive strength of Al-Mg alloy is approximately the same as the 
tensile strength, whilst its shear strength is 70-80% of the tensile strength. The 
modulus of elasticity is lowered by magnesium and raised by most other alloy 
additions. Silicon normally present in the alloys (<0.2 wt% Si) slightly reduces 
ductility and toughness without a compensating increase in strength. The alloys have 
very good corrosion resistance to normal exposure, to water or steam, to marine 
atmospheres, and to many chemicals. [12] 
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2.3.2.3 Aluminium-Silicon Alloy 
Aluminium silicon casting alloys (4XX) are essential to the automotive, aerospace 
and engineering sectors. Silicon is good in metallic alloys used for casting because it 
increases the fluidity of the melt, improves casting and machining characteristics of 
the alloy, reduces the melting temperature, reduces the thermal expansion 
coefficient, increases corrosion and wear resistance, and is very cheap as a raw 
material [2,14]. 
 
 
Figure 2.4: Phase diagram of Al and Si [14]. 
Figure 2.4 shows the phase diagram of the Al-Si system. The addition of silicon to 
form alloys results in a reduction in the density to 2.65 g cm-3 for 12 wt% silicon alloy 
[12]. When the Al-Si alloy solidifies, the primary aluminium forms and grows as 
dendrites or silicon phase forms and grows in angular primary particles. When the 
eutectic point, 12.6 wt%, is reached, the eutectic Al-Si phases nucleate and grow 
until the end of solidification. At room temperature, hypoeutectic alloys consist of a 
soft and ductile primary aluminium phase and a hard and brittle eutectic silicon 
phase. Hypereutectic alloys usually contain coarse, angular primary silicon particles. 
Porosity is the most common defect in Al-Si castings and the pore can lead to micro-
crack initiation and propagation due to stress concentration [15]. 
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Aluminium-magnesium-silicon alloys (6XXX) are widely used as medium-strength 
structural alloys. Alloys of 6063 type are suitable for intricate extruded sections of 
medium strength for architectural members such as glazing bars and window frames.   
Alloys of the 6101 type are used for busbars, electrical conductors and fittings as 
they have the best combination of electrical and mechanical conductor properties. 
Al-Mg-Si alloys are also considered to be the most promising candidates for heat 
treatable body sheet materials. [12] 
 
2.3.3 Ceramic Reinforced AMCs 
Ceramics are the most widely used materials as reinforcement for aluminium and its 
alloys to offer superior properties. For instance, pure aluminium reinforced with 60 
vol.% continuous alumina fibre can yield an enhanced elastic modulus from 70 GPa 
to 240 GPa with a decrease in the coefficient of thermal expansion from 24x10-6 °C-1 
to 7x10-6 °C-1. Al-9Si alloy reinforced with 20 vol.% SiC has a wear resistance 
equivalent or better than that of grey cast iron [11]. The presence of a relatively large 
volume content, i.e. more than 10%, of ceramic reinforcement no matter if whisker, 
particulate, short fibre or continuous fibres profoundly influences the behaviour of the 
aluminium matrix in the AMCs during manufacturing, heat treatment and their 
subsequent use in service. These effects can be both intrinsic and extrinsic [11]:  
 
1). Intrinsic effects of ceramic reinforcements on the behaviour of AMCs include 
microstructure changes, thermal stresses, and heat treatment characteristics, all of 
which significantly alter or expand the physical and mechanical property limits of 
aluminium alloys [11]. The ceramic phase can perform as a barrier to diffusion of 
heat and solute, catalyse the heterogeneous nucleation of phase crystallising from 
the melt, restrict fluid convection, and induce morphological instabilities in the solid-
liquid interface, hence the solidification behaviour of aluminium alloys changes [11]. 
Since the aluminium matrix composites are often fabricated at temperatures higher 
than 500°C, great thermal residual stresses occur during cooling as a result of the 
large mismatch in the thermal expansion coefficient of the aluminium alloy and the 
ceramic. The aluminium alloy has a larger coefficient of thermal expansion than that 
of ceramic, leading to a residual compression stress in the ceramic phase and 
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residual tensile stress within the metal phase due to the faster rate of contraction of 
the metal phase than the ceramic phase during cooling after processing. The 
magnitude of the thermal residual stress is related to the characteristics of the 
reinforcement and the volume fraction, e.g. in an aluminium matrix composite 
reinforced with 30 vol% SiC, a residual tensile stress of more than 200 MPa is 
present in the aluminium matrix [11]. The thermal residual stresses have 
considerable influences on the mechanical properties of AMCs. In addition, the age 
hardening characteristics of aluminium alloys can be modified by introducing ceramic 
reinforcement, and the modification depends on the metal composition, the size, 
morphology and volume fraction of the reinforcement, and the processing method of 
the composite. For instance, Al-Cu-Mg matrix composites display accelerated ageing 
compared with the unreinforced alloys; the peak temperature of some precipitation 
was found to decrease with increasing volume fraction; and the presence of TiC 
particles was found to retard the ageing kinetics of 7075 aluminium alloys [11]. 
These changes in the age hardening characteristics of the aluminium alloys partially 
result from the increased dislocation density due to the large mismatch in the thermal 
expansion coefficient of the ceramic and the aluminium alloy discussed earlier. 
 
2). Extrinsic effects of ceramic reinforcement on the aluminium matrix composite 
have been found in some particular cases, e.g. incorporation of SiC in aluminium 
alloy matrix improves the sliding wear resistance of the composite, which is 
attributed to the intrinsic effect of SiC; in addition, an adherent tribolayer has been 
found forming on the surface of AMC brake discs, further improving the wear 
resistance when sliding against the brake pad. The formation of the tribolayer, 
consisting of mixed oxides, is due to the transfer of materials from the brake pad on 
to the AMC disc, the transfer is primarily caused by the SiC that extrudes out of the 
surface of the AMCs. The formation of the tribolayer can count as an extrinsic effect 
of SiC reinforcement in AMCs [11]. 
 
Ceramic reinforced AMCs now have a proven track record as successful “high-tech” 
materials in a range of applications. They can provide performance benefits, e.g. 
component lifetime and improved productivity, economic benefits, e.g. energy saving 
or lower maintenance costs, and environmental benefits, e.g. lower noise levels and 
fewer air-borne emissions [11]. AMCs, with various types of reinforcements and 
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produced by different processing methods, have found their way into many practical 
applications [2]. However, several challenges have to be overcome in order to 
intensify the engineering usage of AMCs, e.g. to: 
 thoroughly understand the underpinning science of processing of AMCs,  
 develop AMCs based on non-standard commercial aluminium alloys as 
matrices, 
 develop less expensive tools for machining and cutting AMCs,  
 develop recycling technology for AMCs. 
 
2.4 Metal-Ceramic Interpenetrating Composites (IPCs) 
 
2.4.1 Definition of IPCs 
Interpenetrating composites (IPCs), also called co-continuous composites, differ 
from the composites discussed above in that each constituent phase forms a 
completely interconnected and contiguous network. Their difference in terms of the 
levels of connectivity of the two phases present in the composite is illustrated in 
Figure 2.5. 
 
Particle, short fibre or whisker reinforced composites are defined as 0-3 from the 
point of view of interconnectivity, whilst continuous fibre reinforced composites are 
used as 1-3 and sheet laminate composites as 2-2. The interpenetrating or co-
continuous composites, in which each phase is self-connected in 3 dimensions, have 
3-3 connectivity. The difference in levels of connectivity of the two phases of the 
composite can result in different properties [5,16,17]. Composites with 0-3 
connectivity have isotropic properties, but suffer from limited volume fractions of the 
second phase and hence matrix dominated properties, whilst the composites with 1-
3 and 2-2 connectivity have anisotropic properties, which can be disadvantageous.  
 
Since there is rarely a limitation on volume fractions, 3-3 connectivity raises the 
possibility of fabricating materials with truly multifunctional properties as each phase 
contributes to the properties of the final interpenetrating composite. For instance, 
one phase can provide high strength and wear resistance, whilst the other 
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contributes different properties such as thermal conductivity and electrical 
conductivity. In addition, due to the 3-dimensional interconnected network, properties 
of interpenetrating composites should be macroscopically isotropic. Furthermore, as 
changes in phase connectivity can sometime result in substantially different 
properties, novel properties can be expected, especially near the percolation limit 
[5,6]. 
 
 
Figure 2.5: The ten different levels of connectivity as defined in a two phase composite [16]. 
 
Interpenetrating structures are fairly common in natural materials such as bone and 
wood. Synthetic composites with interpenetrating network structures had their first 
advent in the early 1960s in a polymer composite [18]. In recent years, metal-
ceramic interpenetrating composites have been receiving significant attention from 
researchers. Various metal-ceramic IPCs have been produced and investigated in 
terms of their properties, mainly with a matrix of Al and its alloys [17,19-24], some 
with a matrix of Cu [23,24], and various reinforcements have been used such as 
Al2O3[17,20-22], TiB2 [23] and SiC [19,24]. The potential applications include wear 
parts, light weight parts, and electrical and thermal components where good thermal 
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and electrical conductivity (by the connectivity of the metal) with reduced coefficient 
of thermal expansion (by the connectivity of the ceramic) are required [17]. However, 
there are few investigations reported on IPCs with mullite or spinel reinforcements.   
 
2.4.2 Production of IPCs 
 
2.4.2.1 Introduction to Processing Techniques for AMCs and IPCs 
Production of a final AMC component involves primary processing of the composite 
from its raw/component materials, secondary working of the composite material into 
some form, e.g. age hardening, and finally joining of the composite material, leading 
to final fabrication of the engineered component [2]. With the multitude of possible 
matrix and reinforcement combinations and composite products available, there are 
a large number of production routes for AMCs. Primary processes for fabricating 
AMCs at an industrial scale can be generally classified into solid-state and liquid-
state processes. The solid-state processing routes can be further divided into 
powder blending followed by consolidation, diffusion bonding, and vapour deposition. 
Stir casting or compocasting, spray casting, in situ or reactive processing, and 
infiltration are liquid-state processing. The selection of the processing route of the 
AMC is dependent on factors including type and level of the reinforcement loading, 
and the degree of microstructural integrity desired [11]. The feasibility of various 
primary processes for AMC manufacture is given in Table 2.2.  
 
The major difficulty in fabricating interpenetrating composites is in controllably 
producing the requisite connectivity and spatial distributions of the two or more 
component phases, especially on a finer scale where it is not feasible to assemble 
the microstructure architecturally [5]. The liquid-state processes have the potential 
advantages of achieving a near-net shape product in a relatively simple, cost 
effective manner with a wide selection of materials and good bonding between the 
reinforcements and the metal matrix, hence they are widely used for fabricating IPCs 
[25]. One of the most commonly used methods for fabricating metal-ceramic 
interpenetrating composites is by infiltrating one phase into a pre-existing preform or 
powder bed of the second phase [8]. Due to the poor wettability between most 
metals and ceramics, external pressure is normally needed. 
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Table 2.2. Primary processing route of AMCs [11]. 
 
Types of 
AMCs 
Blending and 
consolidation 
Diffusion 
bonding 
Vapour 
deposition 
Stir casting 
/compocasting 
Spray casting 
In-situ 
process 
Infiltration 
process 
Continuous 
fibre 
reinforced 
 
Not in practice Not in practice In use Not in practice Not in practice Not in practice In use 
Mono filament 
reinforced 
Not in practice In use In use Not in practice In use Not in practice 
Generally not 
used 
 
Particulate 
reinforced 
In use Not in practice In use In use In use In use In use 
 
Whisker or 
short fibre 
reinforced 
In use Not in practice In use 
Generally not 
used 
In use Not in practice 
Generally not 
used 
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2.4.2.2 Molten Metal Infiltration Techniques 
As stated before, molten metal infiltration techniques are the best route for 
fabricating interpenetrating composites. With the consideration of external pressure, 
the liquid-state/molten metal infiltration processes can be further categorised as 
forced infiltration and pressureless infiltration. 
 
Forced Infiltration 
Considering sources of the forces, forced infiltration processes can be classified into 
several groups as [26]: 
 
1) Vacuum infiltration; 
2) Gas pressure infiltration, 
3) Pressure assisted investment casting; 
4) Mechanical pressure infiltration; 
5) Pressure die infiltration; 
6) Squeeze casting infiltration, which further includes direct squeeze infiltration 
and indirect squeeze infiltration. 
7) Centrifugal infiltration; 
8) Ultrasonic infiltration; 
9) Lorentz force infiltration; 
10) Electromagnetic infiltration.  
 
A typical direct squeeze casting process is shown in Figure 2.6 [27]. In this process, 
the die and the preform are preheated to T1 and Tf respectively; next the 
superheated liquid metal with a temperature of T0 is poured onto the preform and 
then squeezed into the porous preform by the upper punch; after solidification, the 
composite forms and is finally ejected by the lower punch.  
 
Figure 2.7 shows the behaviour of the liquid metal and the infiltration stages during 
the process [28]. When the superheated metal just flows into the preform (Region 3), 
it keeps its liquid form. Further inside the preform (Region 1), the liquid begins to 
solidify due to the cooler preform, hence liquid and solid metal coexist in this region. 
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A further heat flow occurs in Region 2, where the metal solidifies first. Region 4 is the 
non-infiltrated part of the preform, where existing gas is pushed and heated by the 
oncoming metal.  
 
 
Figure 2.6: A schematic diagram of a squeeze infiltration process [27]: (a) the preform is 
loaded and preheated in the die; (b) the molten metal is poured onto the preform; (c) the 
molten metal is squeezed into the preform by the upper punch. 
 
 
Figure 2.7: Illustrations of the squeeze infiltration stages after [28]: (a) the mould and the 
preform were preheated; (b) the molten metal just flows into the preform; (c) temperatures 
corresponding to different regions. 
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Region 3 Region 4 
Region 1 
A A’ 
 
 
 Metal Gate 
A 
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T 
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A A’ 
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Mould at T1 
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 Metal at T0 
(a) (b) (c) 
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One of the main advantages of the forced infiltration is a high efficiency: a composite 
can be fabricated in only 1 or 2 minutes. Besides the fast infiltration and rapid 
solidification, it involves comparatively low infiltration temperatures (about 700-750°C, 
depending on matrix alloy composition), reducing the chance of unexpected 
reactions between the matrix alloy and the reinforcement [29]. In addition, because 
of the pressure applied, composites with full densities can be fabricated. However, 
due to the presence of the external pressure, the preform normally requires a high 
solid/ceramic content; otherwise, the ceramic skeleton can be crushed by the punch. 
Furthermore, it is difficult to fabricate complex-shaped components using forced 
infiltration and the capital cost for the facilities and moulds are relatively high [30]. 
 
Pressureless Infiltration - Reactive Melt Infiltration 
Reactive melt infiltration can count as one of the pressureless processing techniques.  
In the reactive melt infiltration process, a sacrificial preform, usually a silica-based 
precursor or mullite, or, alternatively, cordierite, reacts with the molten metal and 
drives the it into the preform [31-34]. 
 
Figure 2.8 [35] illustrates the reaction and growth mechanism of an Al2O3/Al-Si 
composite. Being immersed into molten Al, SiO2 is gradually consumed and an 
Al2O3/Al-Si interpenetrating composite forms.  
 
 
Figure 2.8: A schematic of the growth mechanism of the Al2O3/Al-Si composite by reaction of 
SiO2 with molten Al [35]. 
Reaction front 
SiO2 
Al2O3 
Al 
Al Si 
Preform     Composite Metal bath 
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Figure 2.9 shows an Al-Si / Al2O3 interpenetrating composite produced by reactive 
infiltration using mullite as the ceramic precursor [36]. It was found that the reaction 
layer thickness increased linearly with time and the penetration rate increased with 
increasing temperature [36]. When using cordierite as preforms, interpenetrating 
composites could be obtained with MgAl2O4, Al2O3, Si and Al [34]. 
 
 
Figure 2.9: An SEM micrograph showing the Al-Si/Al2O3 interpenetrating composite 
produced by the reaction between molten Al and dense mullite at 1100C (for 150 minutes) 
[36]. 
 
In addition, ceramics such as carbides and oxides with molten metals such as Mg, 
Fe, Ni and their alloys, can also be employed as sacrificial preforms and reductive 
agents, respectively. Suitable combinations of the sacrificial oxides and reductive 
metals at 1000ºC and 1800ºC are listed in Table 2.3 and 2.4 respectively [35]. 
 
The reactive melt infiltration technique is suitable for a wide range of compositions. 
Formation of ceramic-metal composites by reactive metal infiltration is driven by a 
strongly negative Gibbs energy for reaction. However, the disadvantage of the 
process is a low infiltration rate, which is limited by the kinetics of chemical reactions 
between the molten metal and the sacrificial preform. Parameters that can be 
adjusted to accelerate infiltration include oxygen partial pressure, temperature and 
the compositions of the sacrificial substrate/metal couple [36]. 
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Table 2.3: Possible oxide/metal composite forming systems at 1000ºC [35]. 
Produced 
composite 
Molten metal 
as reductive 
agent 
Sacrificial oxide as preform 
Al2O3/Al Al 
CuO, NiO, CoO, MnO, WO2, MoO2, 
TiO2, SiO2, Cr2O3, Fe3O4, Ta2O5, Nb2O5, 
NiCr2O4, MgFe2O4, FeCr2O4, MgCr2O4, 
NiAl2O4, CoAl2O4 
MgO/Mg Mg CuO, CoO, MnO, SiO2, Y2O3, UO2 
NiAl2O4/Al Al NiO 
CoAl2O4/Al Al CoO 
MgFe2O4/Mg Mg Fe3O4 
 
Table 2.4: Possible oxide/metal composite forming systems at 1800ºC [35]. 
Produced 
composite 
Molten metal 
as reductive 
agent 
Sacrificial oxide as preform 
Al2O3/Al Al 
NiO, CoO, MnO, MgO, MoO2, TiO2, 
Cr2O3, Ta2O5 
TiO2/Ti Ti NiO, CoO, Mno, MoO2, Cr2O3, Ta2O5 
UO2/U U MnO 
MgAl2O4/Al Al MgO, MgCr2O4 
NiAl2O4/Al Al Nio, NiCr2O4 
CoAl2O4/Al Al CoO 
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Pressureless Infiltration by Metal (PRIMEX) 
The pressureless infiltration method is an innovative technique for fabricating 
ceramic-metal composites by the spontaneous infiltration of a molten metal into a 
ceramic filler or preform under a specific atmosphere. It involves wetting improving 
methods without the aid of a vacuum or externally applied pressure. It offers the 
potential to be an alternative, simple and cost-effective processing route for the 
manufacture of net or near-net shape ceramic-metal composites. The key process 
parameters which determine whether the spontaneous infiltration occurs include 
temperature, atmosphere, porosity, nature of ceramic filler/preform, and coatings on 
the ceramic [37].  
 
The PRIMEX route (developed by Lanxide Corporation, USA) is a pressureless 
infiltration technique for fabricating ceramic-aluminium interpenetrating composites. It 
was first patented in 1991 by Aghajanian et al. [38]. Figure 2.10 gives a schematic 
diagram of the experimental arrangement [39] in which an Al alloy containing 
magnesium addition was infiltrated spontaneously into a ceramic filler/powder bed in 
a nitrogen atmosphere. In Figure 2.10 (a), a preform with enough height was 
employed to determine the infiltration kinetics; in Figure 2.10 (b), fixed quantities of 
the alloys and filler materials, with the same volume content, were employed and the 
weight gains of the fully infiltrated composites were then measured to study the 
influence of different processing conditions on nitridation. 
 
 
Figure 2.10: Schematics of the infiltration assembly (a) to determine infiltration kinetics; (b) to 
determine nitridation [39]. 
Permeable 
refractory 
container 
Reinforcing 
material 
Alloy 
ingot 
Sintered alumina tray  
Alloy ingot 
Reinforcing material 
(b) (a) 
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Rao and Jayaram [40] classified the PRIMEX route into two catagoriess on the basis 
of the processing temperature; when the temperature applied was between 800°C 
and 900°C, the molten alloys infiltrated into the ceramic, driven by capillary action, 
and the matrix was mainly aluminium or its alloy with isolated dispersions of AlN; 
when the temperature went above 1000°C, the AlN/Al grew into the ceramic 
filler/preform so that both capillarity and the nitridation reaction governed the process, 
resulting in an AlN rich matrix [41]. 
 
Based on the PRIMEX route, considerable research has been done to investigate 
the kinetics of the spontaneous infiltration and to improve this technique in terms of 
increasing the infiltration rate, controlling the formation of secondary phase, and 
enlarging the range of aluminium alloys / ceramic composites produced using this 
technique, etc. It has been found that both magnesium and nitrogen play important 
roles in the spontaneous infiltration [38-41]. The infiltration can only be initiated with 
the presence of both magnesium and nitrogen, and the infiltration rate increases with 
increasing magnesium content in the aluminium alloy and with increasing partial 
pressure of nitrogen in the atmosphere [6]. However, the processing rate is relatively 
slow compared to the forced infiltration (minutes instead of seconds), and it has 
more environmental requirements, i.e. a nitrogen atmosphere, minimal tolerance of 
oxygen presence (very low oxygen partial pressure), and higher processing 
temperatures are required. 
 
Based on the fact that the pressureless infiltration is driven mainly by positive 
capillary forces resulting from good wetting between the solid ceramic and molten 
metal, there are several explanations of the possible infiltration mechanisms. Rao 
and Jayaram [40] stated that the initiation of the infiltration was caused by the 
reaction of Mg with the surface Al2O3 to form MgAl2O4, MgO and Al. These reaction 
products erode the passivating Al2O3 layer brought about the contact between the 
molten metal and the ceramic. Then the continuation of the infiltration was due to the 
Mg gathering O2 and hence keeping the molten metal front free of passivating Al2O3. 
They observed the formation of MgAl2O4 and AlN around the alumina particles, but 
did not investigate their effects on the infiltration process. Saravanan et al. [42] 
reported that the surface tension of Al in N2 was greatly reduced compared to the 
values obtained in Ar at temperatures higher than 850°C, but this effect was still too 
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weak to induce spontaneous infiltration unless enhanced by alloying additions. 
Sercombe and Schaffer [43] concluded that during the infiltration of Al alloys into 
partially nitrided aluminium powder preforms, the formation of AlN improved the 
wettability and facilitated spontaneous infiltration. Mg was thought to be beneficial in 
scavenging the oxygen and consequently creating a microclimate with extremely low 
oxygen partial pressure that facilitated the formation of the AlN.  
 
Previous research carried out by Chang at Loughborough University [6] has 
achieved successful processing of aluminium-magnesium alloy / alumina foam 
interpenetrating composites using the pressureless infiltration technique at 
temperatures of ~900°C in a nitrogen atmosphere, with heating and cooling 
performed in an argon atmosphere to control the formation of AlN at the desired level. 
They argued that spontaneous infiltration was dependent on a two-step reaction: Mg 
and N2 to form Mg3N2 and then the Mg3N2 and Al to form AlN on the surface of the 
Al2O3. They suggested that the AlN improved the wetting and hence accelerated the 
penetration of the molten Al into the ceramic preform. Besides acting as a catalyst 
for the formation of AlN, they also suggested other roles for the Mg in the infiltration, 
for example, the presence of Mg at the interface and the formation of MgAl2O4 on the 
surface of the Al2O3 could be beneficial in terms of reducing interfacial energy and 
improving wettability. With the understanding of the underpinning mechanism, 
composites of pure aluminium and aluminium-silicon alloy with alumina have been 
successfully produced. Due to the very good interfacial bonding as a result of 
improved wetting, superior mechanical properties of the final composites have been 
obtained.  
 
However, none of researchers has directly proved that the wetting of ceramic by 
molten aluminium had been improved by AlN rather than Mg3N2, MgAl2O4 or MgO 
which formed during the pressureless infiltration process, for instance, by wetting 
test. Additionally, the Mg3N2 was observed forming around the composite, but 
observation of coexistence of Mg3N2 and AlN at interface has not been reported in 
literature. 
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2.4.3 Theoretical Background for Production of IPCs 
 
2.4.3.1 Wetting of Solid by a Liquid 
Wetting is a term that is commonly used to describe the distribution of liquid on solid. 
Good wetting between the solid reinforcement and molten metal is critical for the 
liquid-state pressureless infiltration process as it provides the driving force for 
infiltration and strongly affects the interfacial bonding of the composite [17,19,23,25]. 
The wettability of the reinforcement with the liquid metal can be dictated by the 
surface tensions of a solid-vapour-liquid system. The occurrence of the surface 
tension is due to the requirement to balance the differences of attractions posed by 
the molecules inside of the liquid/solid and those in the environment [10]. 
 
The wettability of reinforcement of the liquid metal can be represented by the contact 
angle adjustment of a molten droplet on a solid base. Ideally chemical reactions 
between the solid, liquid, and vapour phases are negligible, and the liquid droplet is 
small enough so that the gravitational force can be ignored. The liquid droplet 
assumes an equilibrium configuration and the degree of wettability can be presented 
mathematically by Young‟s equation (Equation 2.1): 
 
                                                              (2.1) 
 
where     is the liquid-vapour interface energy,     is the solid-liquid interface energy, 
    is the solid-vapour interface energy, and θ is the contact angle. From this 
equation, the equilibrium configuration is dictated by surface free energy 
considerations in such a manner that the shape of the liquid droplet is uniquely 
characterised by θ. 
 
Figure 2.11 shows the edge adjustment of a molten droplet on a solid base for 
different values of the interface energy. The boundary between wetting and non-
wetting conditions is generally taken as θ = 90o. When θ < 90°, the liquid wets the 
solid, whilst θ > 90° presents a non-wetting condition. With decreasing angle the 
wettability improves. Perfect wetting is defined as θ = 0°, whereas a contact angle of 
180°, indicates complete non-wetting. 
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Figure 2.11: Contact angle adjustment of a melt drop on a solid base for various 
values of the interface energy. 
 
It should be noted that Young‟s equation is based on the equilibrium state of a 
system. In practice the melt drop may exhibit a series of apparent/dynamic contact 
angles before reaching the equilibrium value, because of transformations such as 
reactions or the adsorption of components, which consequently leads to a monotonic 
decrease of the interface tension     with time [44]. In addition, the wettability of the 
reinforcement with liquid metal not only depends on the thermodynamic 
characteristics of the system, including the solubility and reactivity, but also on 
external factors such as the working atmosphere, especially the oxygen partial 
pressure, and substrate surface conditions including surface roughness, 
crystallographic orientation and adsorption [45]. 
 
As the contact develops, for instance at the beginning of an infiltration, adhesion 
occurs. The work of adhesion, Wa, equals the work that must be performed in order 
to separate the two phases in a vacuum, and it can be represented as given in 
Equation 2.2: 
Liquid 
Solid 
Vapour 
θ γsl γsv 
γlv 
θ > 90° 
Liquid 
Solid 
Vapour 
θ γsl γsv 
γlv 
θ = 90° 
Liquid 
Solid 
Vapour θ < 90° 
θ γsl γsv 
γlv 
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                                                           (2.2) 
 
Combining Equation 2.1 and 2.2 yields: 
 
                                                           (2.3) 
 
From this equation, the condition for wetting can be defined as    >    , which can 
be understood as the liquid wets the solid if the energy of the bonds at the liquid-
solid interface is greater than the liquid surface energy. 
 
In the case of immersion, the interface between the solid and the atmosphere 
disappears, hence the adhesion work changes as W i: 
 
                                                           (2.4) 
 
If          , W i < 0, the liquid wets the solid and the solid-vapour interface will be 
replaced by the solid-liquid interface. If          , Wi > 0, the solid will be wrapped 
with a gas layer, hence external work is necessary to replace the solid-vapour 
interface by a solid-liquid interface [10].Therefore, immersion wetting is affected only 
by     and    ; a change of     will only be reflected by θ in order to keep         a 
constant in Equation (2.1). 
 
Measurement of wetting is usually based on the configuration of a steady state drop 
of liquid, referred to as a sessile drop, on a flat solid surface. Figure 2.12 shows a 
typical equipment setup of sessile drop test for metal-ceramic contact angle 
measurement [46].The extent of wetting is quantified by the magnitude of θ, and the 
liquid-vapour surface energy which is determined by the shape of the sessile drop as 
[47]: 
 
    
    
 
 
 
     
 
                                                 (2.5) 
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where g is the gravitational acceleration, ρ is the density of the liquid, dm is the 
maximum drop diameter, and f is a geometric factor [47]. 
 
Wetting of the solid by the liquid can be enhanced by a thermally activated chemical 
reaction at the solid-liquid interface, and the contribution of the reaction to wetting 
may be mathematically represented with modified a Young‟s equation to include the 
contribution of the free energy of the reaction, ΔFr, as [48]: 
 
         ΔF                                                   (2.6) 
 
The reactions that enhance the solid-liquid interface contribute to the driving force for 
wetting. An example of beneficial interface reactions is dissolution of a component of 
the solid into the liquid [48]. In these beneficial reactions, their free energy at the 
perimeter of the liquid contributes to the driving force for wetting. When the liquid 
drop expands on the solid, the advancing liquid front maintains contact with un-
reacted solid so that the free energy of the reaction continues to contribute to the 
wetting [48]. 
 
 
 
Figure 2.12: A schematic diagram of sessile drop test setup [47]. 
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2.4.3.2 Infiltration Dynamics 
When a cylindrical capillary tube is vertically inserted into a liquid, Figure 2.13, the 
rise or depression of the liquid inside the capillary depends on whether the wetting of 
the solid (the tube) occurs by the liquid. If the liquid wets the solid tube, i.e. θ < 90°, 
the capillary pressure Pc > 0, the capillary force leads to a rise in the liquid; otherwise, 
when     9 °, Pc < 0, the liquid depresses. The capillary pressure balances with the 
gravity as [49]: 
 
   
        
 
 
          
 
 ρ                                       (2.7) 
 
where r is the capillary radius, ρl is the liquid density, g is the gravitational 
acceleration and h is the height of the liquid in the capillary. This equation is called 
the Laplace-Young equation [49]. 
 
 
Figure 2.13: Capillary rise and depression in cylindrical capillaries in a liquid after [49]. 
 
In the case of infiltrating a liquid into packed particles, the capillary pressure can be 
predicted considering the porous media as a bundle of capillaries [50]. An instance is 
shown in Figure 2.14. The pore size parameter is defined using a hydraulic radius rh 
as [50] 
 
   
                                    
                                  
                                 (2.8) 
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which takes the form as [50]: 
 
                          
       
    
                                                  (2.9) 
 
where d is the average particle diameter, Vp is the particle volume content and λ is 
the particle shape factor. 
 
Figure 2.14: A schematic diagram of liquid metal infiltrating into packed particles after [51]. 
 
Substituting rh into the Laplace-Young equation (Equation 2.7), the capillary pressure, 
or the threshold pressure can be obtained as:  
 
      γ     θ
  
       
                                           (2.10) 
 
When θ < 90°, Pc is a positive pressure, hence spontaneous infiltration occurs; when 
θ > 90°, Pc is negative, and external pressure is needed for the infiltration. It can also 
be seen that for the infiltration of liquid into packed particles, the capillary pressure is 
determined not only by the wetting of the system, but also by the volume fraction of 
ceramic particles and the average particle size. The smaller the particle size, the 
larger the capillary pressure generated.   
Liquid metal 
Ceramic 
θ 
32 
 
The effects of non-cylindrical curvature of pore surfaces on complete liquid infiltration 
of close-packed particles have been extensively studied [49]. Figure 2.15 illustrates a 
cross section of a toroidal pore showing the static liquid surface with respect to the 
contact angle (        /R). It is reported that, limited by the infiltration of tetrahedral 
pores, for a complete spontaneous infiltration of non-cylindrical preforms, θ ≤ 50.7°.  
Figure 2.16 illustrates the critical contact angle for the penetration through 
tetrahedral and octahedral pores. 
 
Figure 2.15: Cross section of a toroid pore showing the static liquid surface position as a 
function of the contact angle [49]. 
Figure 2.16: Illustration of the critical contact angle for a complete penetration of tetrahedral 
(AA) and octahedral (BB) section of close-packed particles; θ = 50.7° [49]. 
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2.4.3.3 Infiltration Kinetics 
Concerning the kinetics of liquid metal spontaneously infiltrating into porous preforms, 
Martins et al. [52]  proposed one of the most widely adopted models, in which four 
forces acting on the liquid column in the cylindrical capillary tube are defined as 
surface tension force Fzr, gravitational force Fzg, Poiseuille viscous drag force Fzµ, and 
end-drag force, Fze, and hence: 
 
F                                                          [2.11] 
 
F       
                                                 [2.12] 
 
F        
  
  
                                              [2.13] 
 
F    
 
 
   ρ 
  
  
                                            [2.14] 
 
where   is the radius of the cylindrical capillary tube, µ is the dynamic viscosity of the 
liquid,   is the height of the liquid in the tube. Therefore, in this model, the infiltration 
rate parameter, Ø, can be calculated by the equation [52]: 
 
  
        
  
                                                (2.15) 
 
Then the relationship between the infiltration height, X, and the infiltration time, t, can 
be represented as [48]: 
 
                                                      (2.16) 
 
It can be seen from Equation 2.15 that the infiltration rate is influenced by the 
wettability of the solid by the liquid, the capillary diameter and the viscosity of the 
liquid. 
 
When external pressure is applied to the liquid, which is assumed to be equivalent to 
a laminate infiltrating into a porous perform, which, in turn, is assumed to be 
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“bundles of capillaries”, the parabolic relation between the infiltration height and the 
time was described as [53]: 
 
    
 
                                                      (2.17) 
where: 
  
γ     θ
           
 
      
  
 
 
                                          (2.18) 
 
                                                         (2.19) 
 
Where   is the infiltration rate, Pa is the external pressure, Pν is the gas pressure, Pth 
is the threshold pressure and h0 is the initial height of the liquid metal. From 
Equations 2.17-19, it can be seen that the influencing parameters for infiltration 
height are the external pressure, the properties of the liquid metal and the preform. 
However, in practice, an incubation time has been observed in the infiltration process 
to activate infiltration, so Equation 2.17 is modified as [6,53]: 
 
         
 
                                                (2.20) 
     
 
2.4.3.4 Wetting of Ceramics by Molten Al and Its Alloys 
Levi and Kaplan [53] stated that the wetting of ceramic by molten Al is a non-
equilibrium phenomenon. Due to the small solubility limit of O2 in Al and low 
equilibrium partial pressure of O2 in the oxidation reaction of Al, Al tends to 
continuously oxidise, hence the wettability varies in a large range, especially at lower 
temperatures. However, above a specific temperature with lower oxygen partial 
pressures, the wettability improves with a narrow variation range and the time 
needed to reach the equilibrium value becomes much shorter [53]. Chang [6] 
collected the published “intrinsic” contact angles of different Al2O3-Al alloy systems 
[49-54] shown in Figure 2.17 and observed that the contact angle decreased with 
increasing temperature; a transition from non-wetting to wetting occurs at different 
temperatures for different material systems. For instance, the specific temperature of 
the Al-MgAl2O4 system is reported as 900°C [55]. 
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Figure 2.17: Published “intrinsic” contact angles of Al2O3-Al alloy system as a function of 
temperature: [49 “   ”, 50 “▬”, 51“   ”, 52 “●” , 53 “▲”, 54 “■”] [6]. 
 
Good wetting between the molten metal and the ceramic is very important for 
spontaneous infiltration, but the wettability of most systems is not satisfactory for 
infiltration even at high temperatures with low O2 partial pressure. Several methods 
have been developed to improve the wetting; one is to apply an external pressure, 
but it is not sufficient to assure an optimum contact between the ceramic and molten 
metal, hence it is often used in cooperation with other methods such as metal 
alloying and ceramic/solid particle coating [56]. 
 
The addition of an alloying element improves the wettability in three ways: by 
reducing the liquid surface energy, by decreasing the solid-liquid interfacial energy, 
and by promoting chemical reactions at the solid-liquid interface, which is the most 
active mechanism for improving the wettability of a solid by molten Al [56,57]. It is 
stated that elements with a high affinity for oxygen can lower the interfacial tension of 
the liquid metal with oxides, and in the presence of oxidising molecules, these 
elements tend to segregate to the metal surface [44]. Mg is one of the most widely 
used alloying elements; it can scavenge O2, reduce the melt surface tension, and 
induce interfacial reactions which lower the liquid-solid interfacial energy [58,59]. 
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Coating a metallic material layer on surfaces of ceramics is also an efficient method 
for wetting of the solid by the liquid as the overall surface energy of the solid 
increases with the coating [56]. The coating materials typically used are Ni, Cu, Ag 
and Cr, among which Ni is most commonly used for Al-based composites [60]. Ni-P 
has also been reported as a coating material for improving wettability of ceramics by 
molten Al [61]. However, this method has a main disadvantage of high cost. 
 
The wetting between Al and ceramics can also be improved by pre-treatment of the 
ceramic particles, e.g. K2ZrF6,
 which has been proved to have the ability of 
weakening or disrupting the oxide film by reacting with the Al [62]. Other methods 
include cleaning the particle surfaces using ultrasonic, etching or heat treatments 
[63]. 
 
In the pressureless infiltration, which involves magnesium as an alloy addition to 
aluminium and a nitrogen atmosphere, the improvement in wettability of the ceramic 
by liquid aluminium is mainly attributed to the nitridation of the molten metal [6, 14, 
38-41]. Though the addition of magnesium in the aluminium can reduce the surface 
tension of the aluminium alloy, spontaneous infiltration does not occur without the 
presence of nitrogen during processing [6].  
 
The nitridation reaction of molten Al-Mg or Al-Si alloys has been classified into four 
types [64]: 
 
 Passivating surface nitridation; 
 Volume nitridation with precipitation of isolated AlN in the Al matrix; 
 Volume nitridation resulting in a three dimensionally interconnected AlN-Al 
composite microstructure; 
 Breakaway nitridation with complete conversion of Al to AlN. 
 
It has been reported that the contact angle of Al on AlN is 41° at 1100°C, which is 
half that of Al on Al2O3
 [65]. Hence, it is presumed that it is important to form AlN 
throughout the preform to achieve complete infiltration. So N2 plays an important role 
in this process, facilitating the formation of AlN. Figure 2.18 shows that at 
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temperatures above 800°C, the surface tension of Al in N2 is greatly reduced 
compared with that in Ar due to the formation of AlN [65]. 
 
 
Figure 2.18: The surface tension of Al in N2 and Ar atmospheres at various temperatures 
[42]. 
 
As well as N2, Mg has been reported to be needed for pressureless infiltration based 
on the PRIMEX route. It has been suggested that the infiltration is dependent on the 
reaction between Mg and N2 to form Mg3N2 [66]: 
 
                                                        (2.21) 
 
which then reacts with Al to form AlN: 
 
                                                       (2.22) 
 
So the overall reaction is: 
 
                                                        (2.23) 
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In this process, Mg is retained in the cycle and reintroduced to the melt serving as a 
catalyst, with N2 preventing Mg loss. Hou et al. [67] have studied the in-situ 
substitution reaction, and used it to produce AlN-Al composite from Al-Mg-Si alloy 
and nitrogen gas. The possible reaction cycling of Mg is shown in Figure 2.19 [67]. 
 
 
Figure 2.19: The proposed mechanism of nitridation in the Al-Mg-Si system after [67]. 
 
Therefore, one of the important roles for Mg in the pressureless infiltration is its 
contribution to the promotion of AlN formation, as well scavenging the residual O2 in 
the atmosphere and consequently reducing the oxygen partial pressure, and so 
helping the infiltration process [68]. 
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2.4.3.5 Bonding of Ceramic to Metal 
The interfacial strength in composite materials is determined by the cohesion force of 
the matrix and the interaction between the matrix and the reinforcement surface [69]. 
It controls the efficiency of the load transfer between the matrix and the 
reinforcement. Hence the mechanical properties of the composites are strongly 
affected by the interface. To achieve the full potential, the composite must have 
strong interfacial bonding. By understanding the detailed chemistry and structure of 
the interface, it may be possible to tailor the interfacial properties to meet specific 
requirements [68].  
 
Generally, the bonding between the matrix and the reinforcement consists of [2]: 
 
 Mechanical bonding 
 Dissolution and wetting at the interface 
 Reactions to form new compounds at the interface 
 
The mechanical bonding is mainly from frictional forces due to the contraction of the 
matrix on the reinforcement. Generally, this bonding is insufficient so that some 
degree of dissolution or reaction is essential for adequate bonding. Strong reaction 
layers usually yield strong interfacial bonding, and vice versa [70]. In addition, the 
thickness of the interfacial layer can also influence the strength of the reinforcement 
[71].  
 
In the case of metal-ceramic composites, the interfacial bonding strength is affected 
by [69]: 
 
 the bonding mechanism associated with phase formation between the metal 
and the ceramic,  
 the boundary structure,  
 the effect of residual stress resulted from the mismatch of the thermal 
expansion coefficient, and 
 the breaking mechanism related to stress.  
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In ideal cases, the interfacial bonding should yield high strength and high thermal 
stability, with the absence of brittleness; thermal stability requires that undesirable 
phases do not form and, in the case of particulate MMCs, the structure does not 
coarsen excessively during fabrication or application. The latter requirement is 
favoured by low interfacial energy between the matrix and the reinforcement [2].  
 
One of the problems in the bonding of ceramics to metal relates to the residual 
stress due to the mismatch of thermal expansion coefficient of the metal and the 
ceramic. It is well known that aluminium has a much greater coefficient of thermal 
expansion than most ceramic materials. When the composite is cooling down from 
the processing/bonding temperature, the metal tends to contract faster than the 
ceramic phase, causing tensile stress in the metal phase and compression in the 
ceramic phase. A typical means to buffer the residual stress uses an intermediate 
layer, e.g. foamed metal of nickel-based alloy. Putting such an intermediate layer 
between the metal and the ceramic can buffer the strains by its elastic and plastic 
deformation of the layer, or by using a layer made of a material with a coefficient of 
thermal expansion ranking between the metal and the ceramic [69].  
 
An additional problem relates to wetting, interfacial reaction, and material transition 
at the interface. The reactivity between metals and ceramics primarily depends on 
temperature. Some interfacial reaction products can enhance the bonding between 
the metal and the ceramic, e.g. MgAl2O4 formed at the interface between Al2O3 and 
Al, whilst some are detrimental such as brittle Al4C3 from the reaction between SiC 
and Al [29,39,40,69]. Though some mutual reaction of both materials is necessary to 
achieve bonding, very strong reactions are undesirable and the reaction layer usually 
requires an optimal thickness [69]. 
 
A range of approaches have been developed to measure the interfacial strength in 
composite materials, e.g. the Cox model for discontinuous fibre reinforced 
composites, button-form instrument for interfacial strength between single fibre and 
matrix, and short-beam shear test for interfacial strength between fibres or laminates 
[69]. However, few methods are suitable for measuring the interfacial strength in 
interpenetrating composites due to the co-continuous network. A more general and 
basic method can be used to quantify the bonding strength between the metal and 
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the ceramic which make up the interpenetrating composite, which was developed at 
GE (USA) [72] to determine the wetting-bonding strength relations directly on sessile 
drop samples. This test measures the magnitude of stress required to shear the 
solidified drop off the substrate, Figure 2.20(a). Sobczak et al. [73] modified it as 
illustrated in Figure 2.20 (b). Figure 2.21 shows typical curves of the push-off shear 
test results. It can be seen that the shear bonding strength increases with increasing 
temperature due to improved wetting. 
  
 
Figure 2.20: Schematic diagram of push-off shear tests for (a) non-wetting and (b) wetting 
sessile drop samples after [73]. 
 
 
Figure 2.21: Shear stress as a function of shear length for the Al / Al2O3 sessile drop 
samples obtained at different temperatures [73]. 
Shear length, mm 
Sessile drop 
sample 
(a) Push-off shear test for non-wetting sample 
(b) Push-off shear test for wetting sample 
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2.5 Ceramic Preforms for Interpenetrating Composites 
 
2.5.1 Ceramic Materials for Metal-Ceramic Composites 
It is well known that ceramics are hard materials and very useful not only in the form 
of pure ceramics but also as reinforcement in soft metals for improvement of strength, 
stiffness, hardness, wear resistance, high temperature creep resistance, etc. The 
most commonly used ceramic as reinforcement of aluminium alloys is alumina [2]. 
However, other kinds of ceramics attract researchers‟ attention due to the potential 
ease of fabrication of the composite and some reinforcing requirements that alumina 
cannot meet. This section focuses on the ceramic materials that have been used in 
this research. 
 
2.5.1.1 Alumina 
Alumina, also known as aluminium oxide, is widely used in the industry for high 
performance applications due to its low cost, abundance and superior properties. 15% 
of the Earth‟s crust has minerals that contain alumina, whilst it is mainly mined from 
bauxite, which is extracted and purified by the Bayer process to obtain alumina. The 
most common form of crystalline alumina is known as corundum (α-alumina). [74,75] 
 
Alumina is a major engineering ceramic that possesses high mechanical strength 
(reduced at temperatures above 1000°C), high hardness, good wear resistance, 
good electrical insulating properties with relatively high thermal conductivity 
compared with other ceramic materials, and relatively low fracture toughness. Due to 
the relatively large coefficient of thermal expansion (~8 x 10-6/°C), its thermal shock 
resistance is not very good. Alumina has good chemical stability. It is only slightly 
soluble in strong acids or alkalines, but not soluble in water, therefore making it 
highly corrosion resistant. Alumina can be produced in a range of purities with 
additives to enhance its properties for specific applications. [74,75] 
 
Alumina is also an attractive reinforcement for aluminium alloys due to the chemical 
inertness between the two materials and its oxidation resistance. Limited 
degradation of alumina as reinforcement is reported during both high temperature 
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composite fabrication and high temperature service conditions. However, a problem 
exists in the generally poor wettability of alumina by aluminium. [2] 
 
2.5.1.2 Spinel 
Spinels have the general formula AB2O4, and crystallise in the cubic (isometric) 
crystal system. A and B can be divalent, trivalent, or quadrivalent cations, including 
magnesium, zinc, iron, manganese, aluminium, chromium, titanium, and silicon 
[74,75]. Magnesium aluminate spinel, MgAl2O4, is a highly refractory material, with a 
melting point of 2135°C. With a combination of good thermal shock resistance, 
resistance to steel-making slag corrosion and excellent hot strength, magnesium 
aluminate spinel is increasingly being used in refractories for steel making [76]. In 
addition, magnesium aluminate spinel is relatively hard with good toughness [77]. 
Recently attentions has been attracted to the application of fine-grain spinel for 
transparent armour [78]. 
 
MgAl2O4 is also considered as a commercially important ceramic reinforcement in 
MMC fabrication due to the possible tailorable properties such as moderate thermal 
conductivity, 48 W/moC, relatively low coefficient of thermal expansion, 7.6 x 10-6/°C, 
good thermal shock resistance, high electric resistivity, chemical inertness and 
reduced reactive tendency in oxidising and reducing atmospheres, and high 
temperature strength imparted with Al for many applications [79].   
 
 
Both Al and MgAl2O4 have cubic crystal structures, thus it is possible to form low 
energy interfaces between them at any orientation, giving good wetting 
characteristics with Al and its alloys, without needing chemical reactions [80]. 
Formation of the MgAl2O4 at the interface is often found in aluminium-ceramic 
composites produced using liquid-state processing method. The sources of MgAl2O4 
can be the oxidation of Al and Mg in Al alloys and the reaction between the Al, Mg 
and the ceramic phase. Materials such as Al2O3, MgO, TiO2, SiO2, mullite and 
oxidised SiC are recognised as sources of oxygen to form MgAl2O4. It is suggested 
that the formation of MgAl2O4 at the Al-ceramic interface can enhance the bonding, 
although an extensive interfacial reaction zone of MgAl2O4 could lead to interfacial 
debonding and result in the degradation of the mechanical properties [40, 66]. The 
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reactions between Al alloy and materials to form MgAl2O4 have also been used to 
produce Al / MgAl2O4 composites, and amorphous SiO2 is usually selected as the 
precursor due to its high reactivity [81].  
 
2.5.1.3 Mullite 
Argillaceous minerals of the sillimanite group were used as early as in the first era of 
ceramics, but it is mullite 3Al2O3
.SiO2 that is the only stable crystallised compound in 
the Al2O3-SiO2 binary phase diagram. However, mullite is very rare as a natural ore, 
except in some places such as the Scottish island of Mull, which explains its name. 
The composition varies over a wide range corresponding to Al2[Al2+2x Si2-2x]O10-x due 
to the presence of oxygen vacancies [74,75]. 
 
Synthetic mullite with an orthorhombic crystal structure is well-known as a high-
performance ceramic. Compared with alumina, mullite is slightly less dense (ρ≈     
g cm-3) and has lower values of hardness (HV≈14 GPa), Young‟s modulus (E≈250 
GPa), mechanical bending strength (σF≈250 MPa) and toughness (Kc≈2.5 MPa m
1/2). 
However, its thermal expansion is also lower than alumina (α20-1,000°C≈6x10
-6 °C-1), 
which improves resistance to thermal shock, and its mechanical strength drops much 
less quickly when the temperature increases than in the case of alumina: at 1300°C, 
most mullite ceramics have mechanical strength close to that at room temperature, 
and some mullites with vitreous segregations even have a peak mechanical strength 
at about 1300°C. These characteristics make mullite a material of choice for 
refractory applications, particularly when it is necessary to consider attack by silica or 
silicates, which can react with alumina refractories to form mullite [74]. 
 
Mullite has also been considered as a reinforcement in metal-ceramic composite 
mainly due to its high thermal shock resistance. The issues with aluminium-mullite 
composites produced by liquid-state processing, in particular with pressureless 
infiltration that usually requires a processing temperature above 900°C, is phase 
transformations. The molten aluminium can react with dense mullite when the 
temperature is above 900°C and the oxygen partial pressure is low, to form alumina 
and silicon. This reaction is the principle for synthesis of Al2O3 / Al composites by 
reactive metal penetration in which the mullite functions as the precursor [33]. 
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Though the formation of alumina from mullite increases the hardness and the 
fracture toughness of the final composite, it weakens the thermal shock resistance 
due to the reduction of the mullite [33,82].  
 
2.5.1.4 Silicon Carbide 
Silicon carbide (SiC) is very rare in nature, but occurs as the mineral moissanite. It 
was originally produced by an electro-chemical reaction of sand and carbon at high 
temperatures. SiC has a very large range of crystalline forms. The major three are (α) 
6H-SiC, 4H-SiC, both of which are hexagonal, and (β) 3C-SiC which is cubic. The α-
SiC is the most common form. [74,75] 
 
SiC is a high performance ceramic, with key properties of low density ( ≈3.21 g cm-3), 
high strength, low thermal expansion (α≈5x10-6 °C-1), high hardness, high elastic 
modulus (E≈220-250 GPa), and excellent thermal shock resistance [74,75]. SiC 
powder has been mass-produced since 1893 for use as an abrasive and now it has 
much wider applications, e.g. fixed and moving turbine components, suction box 
covers, seals and bearings, ball valve parts, hog gas flow liners, heat exchangers 
and semiconductor process equipment, amongst others. [83]. 
 
In the range of ceramic materials for reinforcement of aluminium composites, SiC 
has received the greatest attention, mainly due to its high modulus and strength, low 
density (slightly higher than aluminium), relatively low cost and ready availability [2]. 
SiC / Al composites with a high thermal conductivity coupled with a low thermal 
expansion coefficient, have found applications in high performance power- and 
microelectronics for thermal management and packaging purposes; its low weight, 
high stiffness and strength, as well as low thermal distortion and good damage 
tolerance make it possible to be used in sporting goods, automotive engineering, the 
aerospace industry, high accuracy mechanical engineering and defence technology 
[29]. 
 
The possibility of chemical reaction between Al and SiC to produce Al4C3, as a result 
of the dissolution of SiC by liquid aluminium, is a potential problem in the production 
and application of the SiC / Al composites. The extent of the reaction depends on the 
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temperature, atmosphere, chemical composition of the aluminium alloy and the 
characteristics of the SiC [2]. Increasing temperatures promote the reactions to form 
Al4C3; the addition of Si into the Al can suppress the reaction whilst the addition of 
Mg reduces the activity of Si as Mg reacts with Si to form Mg2Si. SiC may be 
protected by a passivating oxidised layer on its surface or by a coating layer such as 
Si [29]. 
 
Additionally, a common issue of SiC / Al is a decrease in ductility of more than an 
order of magnitude regardless of the alloy process history or volume fraction of SiC. 
De-bonding at the metal-ceramic interface often occurs. The use of elaborate 
beneficiation processes on the SiC reinforcement prior to composite processing has 
been found to lead to an enhancement in both strength and ductility [2].  
 
Another issue in particular for the pressureless infiltration of aluminium into SiC is the 
poor wetting between SiC and aluminium. The bonding strength at the interface is 
strongly influenced by the wettability between the metal and the ceramic phases. In 
order for the composites to achieve their full potential, the metal-ceramic interface 
must be carefully tailored to obtain a strong adhesion as the interface controls the 
efficiency of the load transfer between the different phases. Most of the past efforts 
dedicated to improving the wetting of SiC by Al have focused on alloying the Al with 
surface-active alloying elements, e.g. Mg, and/or modifying the SiC surface by 
coating, e.g. Cu or Ni [48].  
 
2.5.2 Processing of Ceramic Preforms 
 
Porous ceramics have high surface area, high permeability, low mass, low specific 
heat and low thermal conductivity. With these properties, porous ceramics are used 
in a variety of applications including catalyst supports, filters for molten metals and 
hot gases, refractory linings for furnaces and porous implants in the area of 
biomaterials. On the basis of the pore connectivity, porous ceramics can be 
classified into two kinds: ceramics with closed voids within a continuous matrix, 
which are used for thermal insulation applications, and reticulate ceramics, which 
have interconnected open cells that are used for fluid transport, e.g. filters and 
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catalysts [8,84]. Several kinds of processing routes of ceramic preform such as 
replication and foaming are introduced in this section. 
 
2.5.2.1 Replication 
Replication is a widely used technique in industry to produce ceramic foams with 
open cells, first patented in 1963 [85]. A typical flow chart of the process is shown in 
Figure 2.22. The process consists of impregnation of flexible polyurethane 
foam/sponge by immersing it repeatedly in a ceramic slurry, removing the excess 
slip (generally 25-75% of the slurry in the polyurethane foam), drying the foam, 
burning out the polymer and finally, sintering the ceramic. Using this process, 
ceramic foams can be produced with pore sizes ranging from 400 - 5000 µm and 
densities ranging from 5-30% [8]. 
 
 
Figure 2.22: A typical flow chart for the production of porous ceramics by replication [84,85]. 
 
However, the replication process has some disadvantages resulting from the 
evaporation of the polymers. One is that voids and flaws may exist in the ceramic 
foam struts, leading to lower densities and inferior properties of the ceramic foams. 
Figure 2.23 shows a typical triangular void in a mullite foam that was prepared by the 
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Select sponge Prepare ceramic slurry Additives 
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replication of polyurethane sponge. In addition, when the polymers are burn out, 
toxic gases may be released which is harmful for the environment [86,87]. 
 
The pyrolysis process is a variation of the replication process, in which the polymeric 
sponge is not burned out but pyrolysed into a carbonaceous material, which is then 
coated with a suitable ceramic. There are lots of porous ceramics that can be 
prepared using this technique, such as oxides, nitrides, carbide and borides. 
Chemical Vapour Deposition (CVD) is usually used as the coating method [88]. 
 
 
Figure 2.23: An SEM micrograph of a triangular pore formed in a mullite foam prepared 
using the replication technique [86]. 
 
2.5.2.2 Foaming 
The foaming of ceramic slurries is another series of fabrication techniques for 
ceramic foam articles; it consists of dispersing gas bubbles into a ceramic 
suspension by incorporating an external gas, such as mechanical frothing or 
injection, or evolution of a gas in-situ by using a foaming agent that decomposes 
within the slurry to generate gases [8]. 
 
Figure 2.24 shows a typical process based on the gel casting technique [89]. This 
process has been patented and commercialised by Dytech Corporation Ltd, UK [6]. 
First, a foam structure is formed from an aqueous ceramic suspension via 
mechanical agitation; the purpose of the addition of surfactants is to stabilise the 
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bubble foamed structure. Then, the structure is stabilised by in-situ polymerisation of 
organic monomers. The density of the foam can be controlled through adjusting the 
volume of foam generated with a given quantity of suspension [89]. 
 
 
Figure 2.24: Flow-chart for production of ceramic foams using the in situ polymerisation of 
monomers for stabilization after [89]. 
 
The period of inactivity between the addition of the reagents and the actual 
beginning of the polymerisation reaction is known as the induction period. In this gel 
casting process, the induction period is the time available for casting of the fluid foam 
into a mould and for the subsequent changes that take place in the bubble structure; 
it can be controlled by adjusting the concentration of the initiator and catalyst used to 
control the polymerisation reaction, the temperature and the pH [89]. As the 
induction period allows time for bubble enlargement and lamella thinning, it has 
significant effects on the final cell size distribution and strut thickness. With an 
extension of the induction time, the mean cell size increases and substantially wider 
cell size distributions are obtained [89]. During the induction period, as a result of the 
forces of gravity, capillary action and surface tension, the suspension tends to 
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concentrate on cell edges and the film walls become thinner, hence porous ceramics 
of different microstructures can be achieved via adjusting the induction period. For 
example, a closed-cell foam can be formed when the films remain intact until 
solidification; whilst a porous ceramic with open cells can be obtained when the 
bubbles partially rupture. It should be noted that flaws in the cell walls may result if 
excessive disruption of the film walls occurs before polymerisation starts [89]. 
 
Besides the induction period, the pressure under which the foamed slip is exposed is 
another parameter that can be adjusted to control the cell size. The lower the 
pressure, the larger the cell size generated [6]. 
 
Figure 2.25 shows a typical microstructure of the ceramic foams produced using the 
gel casting foaming technique. It can be seen that the foam has open cells 
connected by smaller circular windows (Figure 2.25a), and the foam struts are fully 
dense (Figure 2.25b). 
 
 
Figure 2.25: Typical micrographs of the ceramic foams fabricated using the gel casting 
foaming technique [6]. 
 
One of the main advantages of the gel casting foaming process is that it can produce 
cellular ceramic foams with a wide range of compositions and characteristics, e.g., 
foam densities in the range of 7-50% and cell sizes in the range of 30-2000 µm. In 
addition, due to the presence of the induction period, the foamed slurry can be cast 
into a mould prior to polymerisation and stabilisation, hence porous ceramics with 
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strut Window 
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complex shapes can be produced using appropriate moulds. Furthermore, the foams 
that are produced using this technique exhibit excellent mechanical properties, 
especially when compared with those fabricated by the replication method, because 
the foams made by gel casting with foaming have fully dense ceramic struts without 
significant flaws [8]. 
 
2.5.2.3 Freeze casting 
In recent years, freeze-drying concepts has been utilised in the fabrication of porous 
ceramic foams.  
 
In the forming process, the ceramic slurry is poured into a mould, then frozen to 
obtain crystals from the suspension medium, usually ice, which are often connected 
with each other in dendritic shapes, surrounded by frozen concentrated slurry. Then 
the frozen body is subjected to sublimate drying of the solvent (water) under vacuum 
(freeze drying) to created channels, which replicate the shapes of the connected 
frozen crystals. An example of the freeze casting process is given in Figure 2.26.  
 
In this method, the frozen solvent (usually water) temporarily functions as a binder to 
hold the parts together for demoulding. The sublimation of the solvent can eliminate 
the drying stress and avoid shrinkage, cracks and warpage of the green body [90]. 
 
The freeze casting technique is often used for the preparation of ceramic foams with 
widely controllable porosity. By controlling the freezing direction and temperature 
gradient, aligned pore channels and a porosity gradient can be achieved. The freeze 
casting process attracts attention due to its simplicity and the absence of organic 
substances make it an environmentally friendly forming method. A major problem of 
freeze casting is the low strength of the green body. When the frozen slurry is 
volatilised, the green body becomes very fragile and difficult to handle, and further 
efforts are underway to improve the strength of the green body [90]. In addition, the 
pores in the freeze-cast foams are usually not spherical and are aligned related to 
the freezing direction, Figure 2.27, causing anisotropic properties. 
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Figure 2.26. Schematic diagram of a freeze casting process for fabricating ceramics with 
long-range ordered porous structure: (a) slurry preparation by ball milling, (b) adding initiator 
at room temperature, (c) orientated freezing, (d) demoulding, (e) heat treatment for 
solidification and volatilization, and (f) drying and sintering [90]. 
 
 
Figure 2.27. Typical microstructure of freeze-cast ceramic foam; the pore alignment is 
related to the freezing direction indicated by arrows [91].  
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2.5.2.4 Other Techniques 
There are other methods for producing porous ceramics, such as solid-state 
sintering of ceramic particles, or the incorporation of sacrificial additives that are 
volatile or combustible during sintering [92]. The characteristics of the ceramic foams, 
including cell size, shape and distribution, can be controlled on the basis of the 
nature and quantity of the fugitive, non-ceramic phases. Similar to the replication and 
foaming techniques, these methods involve both organic and inorganic materials [93].  
 
 
2.6 Physical and Mechanical Properties of Metal-Ceramic IPCs 
 
2.6.1 Thermal Expansion Behaviour 
In general, most materials expand when the temperature increases because of the 
increase in the distance between atoms as their thermal vibration increases with 
increasing temperature. The coefficient of thermal expansion (CTE) has been 
defined to describe the tendency of a material to change in volume in response to a 
change in temperature [94]. Linear CTE is the degree of change in length, l, per 
degree of temperature, T, given by equation 2.24. 
 
  
  
      
                                                      [2.24] 
 
The magnitude of linear CTE of materials differ from one material to another as it 
depends on the atom structure and bonding energies involved. The higher the 
bonding energy, the larger the amount of heat required for atom vibrations, thus the 
lower inter-atomic distance and consequently a lower CTE results. Generally, 
ceramic materials yield smaller CTE values than metals because the former have 
much stronger bonding between the atoms.   
 
One of the purposes of combining the metal and ceramic phases to form composites 
is to reduce the CTE of the metal but maintain the high thermal conductivity, so that 
the composite can be used for thermal management and electronic packaging 
applications.  
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The thermal expansion behaviour of metal matrix composites has been extensively 
studied with isolated particle reinforced composites, and some with two connecting 
phases. Skirl et al. [95] studied the thermal behaviour of Al2O3 / Al composite with 
interpenetrating structures produced using a forced infiltration process, Figure 2.28. 
It was found that the thermal expansion of the composite as a function of 
temperature was significantly reduced compared to aluminium metal and the degree 
of the reduction depended on the volume fraction of the ceramic phase. The higher 
the ceramic content, the less the composite expanded. In addition, a hysteresis 
behaviour in the CTE as a function of temperature in the heating-cooling cycle was 
observed in composites with different volume fraction of metal and ceramics. One 
with 37 vol.% metal revealed a larger hysteresis than one with 16 vol.% metal [96]. 
Moreover, the CTEs were found to vary significantly with temperature change; when 
the composite was heated from ambient temperature, the CTE increased to its 
maximum value at ~300°C and then fell to be equivalent to that of pure alumina at 
above ~500°C. This was explained by the metal phase expanding faster than the 
ceramic phase during the initial heating period. When the temperature rose to the 
point at which the metal began to melt, it started to flow and the stress that exerts on 
the ceramic phase by the metal decreased, hence the measured CTE tended to be 
determined only by the ceramic beyond that point, i.e. ~500°C in Figure 2.28(b) [96].  
 
 
Figure 2.28. (a) Thermal strain and (b) CTEs as a function of temperature for Al2O3/Al 
interpenetrating composite samples containing 16 and 37 vol.% pure Al [95]. 
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2.6.2 Wear Resistance and Hardness 
Improved wear resistance is one of the most attractive properties of AMCs in 
applications including automotive brake systems, callipers, pistons, cylinder liners, 
connecting rods and turbine compressors [97-100].The improvement can be 
attributed to the hard phase remaining intact when scratched by asperities or 
abrading particles, under conditions such that material would have been ploughed 
out in the unreinforced material [10]. Interpenetrating composites are more promising 
in providing novel advantages for wear resistance applications as they could offer a 
higher load bearing capacity than the conventional AMCs [97]. Some researchers 
[97,101-103] have studied the wear behaviour of IPCs and compared it with 
conventional AMCs, finding that the former is significantly better. Imbeni et al. [97] 
reported that IPCs yielded a much lower wear rate than conventional AMCs when 
abraded by soft silica particles. Some studies have found that in the conventional 
AMCs, there was a load above which the wear rate of the AMC was higher than that 
of the unreinforced metal [101]. A transition from mild to severe wear in an AMC was 
also observed by Zhang et al. [104], whilst Ceschini et al. [101] and Wang et al. [103] 
claimed that such a transition does not occur in IPCs. 
 
Wear resistance cannot be considered as an intrinsic material property, however 
[105]. No consistent wear behaviour of composites has been established so far [106]. 
In contrast to other mechanical properties, the study of wear behaviour is quite 
empirically based as there is a wide variety of wear mechanisms resulting from the 
huge number of possible material combinations, characteristics of matrix and 
reinforcements (e.g., type, form and volume fraction), matrix-reinforcement interfacial 
bonding and processing techniques, and the test conditions such as loads and 
lubricants are also an important parameter that influences the wear behaviour [107-
110].  
 
It is generally agreed that with an increase in the ceramic volume content, the wear 
resistance of the composites improves [102,106-111]. The wear mechanisms are 
broadly categorised into those that involve cracking, or essentially brittle fracture, or 
are dominated by plastic deformation [102]. The bonding between the metal and 
ceramic phases, which is affected by the processing method, plays an important role 
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in determining the wear mechanism. Strong bonding improves the wear resistance 
as the wear is dominated by plastic deformation [110] and the material‟s hardness 
becomes the main factor that influences wear behaviour [112]. With weak bonding, 
the ceramic reinforcements are easily removed from the matrix leading to severe 
material loss [113]. As presented in Section 4.1 and 4.2, the IPCs produced using 
the pressureless infiltration yield very good bonding, enable the possibility to obtain 
very good wear resistance of the composites. 
 
Some work had been done in Loughborough to assess the wear performance of 
alumina foam/aluminium-magnesium interpenetrating composites dry sliding 
conditions [114]. The results indicated that foam density and cell size were important 
parameters in determining the composites wear behaviour with composites with 
larger cell sizes offering better wear resistance.  It is also found that with 15% 
ceramic content, the IPC exhibited a ploughing wear throughout the process with no 
obvious ceramic struts protruding out; whilst with 27% ceramic foam density, a 
transition from “ploughing” to “protective” wear of the IPC occurred after the initial 
ploughing stage, the ceramic struts protruded from the worn surface providing very 
effective protection to the soft metal. 
 
2.7 Summary 
 
From the literature, it can be seen that the pressureless/spontaneous infiltration is 
one of the most suitable techniques for fabrication of metal-ceramic interpenetrating 
composites. The key of this technique is to improve the wetting between the liquid 
metal and the solid ceramic phase by the presence of magnesium and nitrogen at 
low oxygen partial pressure. This technique so far has been successfully used to 
produce aluminium-alumina interpenetrating composites. However, limited literature 
has been published reporting other aluminium-oxide ceramic interpenetrating 
composites, e.g. spinel- and mullite-based composites. Although the pressureless 
infiltration mechanism of the aluminium-alumina systems has been being 
investigated, some details need to be clarified, e.g. the presence of Mg3N2 within the 
composites and its effects on the wetting. Research is also needed to understand 
and compare the mechanism for infiltration of liquid aluminium into different oxide 
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ceramic preforms. Fabrication of aluminium-silicon carbide interpenetrating 
composites is more complex than those made from oxide ceramic preforms due to 
the reactions between the silicon carbide and the liquid metal, hence the processing 
conditions of the pressureless infiltration for the aluminium-silicon carbide needs to 
be investigated to control/suppress the detrimental reactions. In addition, although 
interpenetrating composites are promising in providing superior properties compared 
with traditional MMCs, no systematic property measurements have been carried out. 
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3.1 Introduction 
 
This chapter first introduces the material systems and equipment used in this project, 
and then presents the processing route for the metal-ceramic interpenetrating 
composites, which was a pressureless infiltration process, followed by 
characterisation methods for the composites, including a dry sliding wear test 
method for wear resistance measurement, thermo-mechanical analysis (TMA), 
sessile drop test, and a range of microscopy techniques for microstructure 
characterisations.  
 
3.2 Materials 
 
3.2.1 Aluminium Alloys 
The Al-Mg alloys used in this study contained ~10 wt% Mg and were produced from 
commercially pure Al and Mg-Al master alloy, AZ81, by casting. Table 3.1 shows the 
compositions of the Al and AZ81, as well as commercial LM6 Al-Si alloy which was 
also used in this study.  
 
Table 3.1: Compositions of raw materials used to produce Al-Mg alloy in wt%. 
Material Al Si Mg Cu Fe Mn Zn 
Al Remainder <0.1 - - <0.1 - - 
AZ81 7.0-8.5 - Remainder - - 0.1-0.3 0.3-1 
LM6 Remainder 12.2 0.1 0.1 0.4 0.2 0.1 
 
In the casting of the Al-Mg alloy, the pure Al was melted in a crucible with a lid under 
Ar gas. A piece of Mg master alloy, AZ81, of the correct size was then added into the 
melt. After skimming off the surface oxide of the melt using a ladle, the melt was 
puddled using a clean plunger for about 1 minute (about 50 strokes per minute). 
After skimming off the surface oxide again, the melt was poured into a mould and 
cooled.  
Chapter 3. Experimental Methodologies 
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To ensure the Mg was homogeneously distributed throughout the Al alloy, the ingots 
were heated at 450oC in air for 2 hours after casting. The ingots were then cut into 
discs. The size of the discs were about 110% of the volume that was needed to fill 
the porosity in the ceramic foam preforms, i.e. the foam was x% dense, the volume 
of the metal disc was about 110%(1-x%). To remove defects and residual oxides, 
which could form a shell and stop the flow of the molten alloy during the infiltration 
process, and to get a good surface finish, each alloy disc was ground on all surfaces 
using SiC paper from 120 to 2500 grit on a grinder, and then dried.  
 
3.2.2 Ceramic Foams and Powders 
Ceramic foams with 3 dimensionally connected spherical open pores were obtained 
from Dytech Corporation Limited, UK. They were produced by the gel casting 
method [89] by foaming ceramic aqueous suspensions and subsequent stabilisation 
via in-situ polymerisation. Details of the technique can be seen in Section 2.4.2.2. 
The density of the foams varied from 15% to 40%, and the average cell size was 
controlled in the range of 100 to 500 µm for each of the different density foams.  
 
The spinel (MgAl2O4) powder used to make the spinel foam by Dytech was an 
alumina-rich AR-78 spinel (-20 µm, 78% alumina, Alcoa Industrial Chemicals 
Europe). The mullite (Al6Si2O13) powder was calcined from low cost kyanite (Al2SiO5, 
6 µm, Possehl Erzkontor GmbH), so that the powder consisted of a major mullite 
phase and a minor amount of alumina and free silica. Two sizes of alumina (Al2O3) 
powders, 0.5 µm (CT3000, SG, Alcoa Industrial Chemicals Europe) and 6 µm (MDS-
6, PanadyneTM) with a ratio of 5-10 to 1 were used in fabrication of the alumina foam. 
The SiC (5 µm, 98.6% purity, PanadyneTM) foams were bonded with 20% alumina 
and sintered in air at 1200°C so that a silica layer was formed with dispersed 
alumina particles on the surface of the SiC particles. Before processing into 
composites, the foams were cut and ground into the desired shape, and then 
cleaned using compressed air. The foam densities were measured suing the 
geometric method, and the average cell sizes were measured on SEM micrographs 
using the linear intercept method. All the gel-cast ceramic foams used in this 
research to make interpenetrating composites are listed in Table 3.2. 
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Table 3.2. Gel-cast ceramic foams used to produce interpenetrating composites. 
Materials Foam density Average cell size / µm 
Spinel 
15% 300 
20% 300 
Mullite 
15% 300 
20% 
100 
300 
500 
30% 
100 
300 
500 
40% 
100 
300 
500 
Silicon carbide 15% 300 
Alumina 
15% 200 
20% 300 
27% 200 
40% 300 
 
In addition, MR70 alumina powders (0.5-0.7 µm, 99.8% purity, PanadyneTM) were 
used to produce dense alumina substrates and crucibles by slip casting and sintering. 
The former were for sessile drop tests, and the latter were used in infiltration 
experiments to contain the metal disc and ceramic foam in a furnace. Figure 3.1 
shows the processing of the dense alumina substrates and the crucibles. Dense 
spinel and mullite substrates were also provide by Dytech Corporation Limited.  
 
 
Figure 3.1: Flow chart for slip cast alumina substrates and crucibles. 
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3.3 Composite Processing 
 
3.3.1 Infiltration Equipment 
The pressureless infiltration process and related experiments, i.e. sessile drop test 
and experiments for infiltration parameter studies, were performed in a horizontal 
tube furnace (HST 12/400, Carbolite) with an impervious aluminous porcelain (IAP) 
tube with 38 mm inner diameter. The furnace setup is illustrated in Figure 3.2. The 
tube was sealed at both ends with “O” rings and end-cap fittings. One of the end-
caps was fitted with a quartz glass window that enabled in-situ observation of the 
process and photography. Cylinders of argon and nitrogen gases and a vacuum 
pump with a vacuum gauge were incorporated in the system, enabling the 
evacuation and variation of the furnace atmosphere. The system was run at a slight 
overpressure to ambient achieved by bubbling the flowing gas through water, in 
order to prevent the entrance of unwanted air from the atmosphere during the 
infiltration process. A K-type thermocouple was used to measure the temperature 
distribution within the tube furnace, and the difference of the temperatures displayed 
by the furnace and the position where the sample was exactly placed, i.e. the centre 
of the tube furnace. 
 
 
Figure 3.2: Schematic diagram of the furnace setup for infiltration experiment. 
 
3.3.2 Infiltration Experiment for Al-Mg alloy-based IPCs 
The pressureless infiltration for fabrication of Al-Mg alloy-based interpenetrating 
composites was based on the method that was developed in Loughborough for 
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Al2O3/Al-Mg IPCs [17]. The assembly of an Al-10Mg alloy disc and a piece of 
ceramic foam contained in a shallow alumina boat were placed into the tube furnace 
as shown in Figures 3.3 and 3.4. After evacuation of the air, the tube furnace was 
heated at 20°C/min with a pure argon gas flow. When the temperature approached 
the desired value, the heating rate was reduced to 10°C/min to prevent overheating. 
Once the infiltration temperature was reached, the furnace atmosphere was changed 
to pure N2. Once the infiltration was complete, as observed through the quartz glass 
window, the composite was cooled in argon gas with a cooling rate of 10°C/min. 
After cooling, the residual alloy and alumina boat were removed from the composite, 
which was then prepared for characterisation. 
 
 
Figure 3.3: Schematic diagram of the metal-ceramic assembly for fabrication of small 
samples of interpenetrating composites. 
 
To optimise the processing temperatures, infiltration rates for each material system 
were measured at temperatures from 850°C to 930°C by measuring the infiltrated 
height in a foam after a given time. For infiltration rate measurements, the metal disc 
was placed on top of the ceramic foam, which had a size of about 15 x 15 x 15 mm, 
Figure 3.3. After finishing, the samples were sectioned using a diamond blade and 
then the infiltration height was measured. Finally, the average infiltration rate of the 
composites at different temperatures was calculated. The foams used for infiltration 
rate measurements are listed in Table 3.3. Other small samples for microstructure 
Alloy 
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characterisations, made from the foams listed in Table 3.2, were produced using the 
same method in shown in Figure 3.3. When no residual bulk metal could be 
observed on the top of the foam, the infiltration was said to be complete. 
 
 
 
Figure 3.4: Schematic diagram of the metal-ceramic assembly for samples of wear 
resistance tests 
 
Table 3.3. Gel-cast ceramic foams used for infiltration rate measurements. 
Materials Foam density Average cell size / µm 
Spinel 15% 300 
Mullite 
15% 300 
20% 
100 
300 
500 
30% 300 
40% 300 
Silicon carbide 15% 300 
Alumina 15% 200 
 
For fabrication of larger IPC samples, e.g. samples for wear resistance tests, a larger 
amount of Al alloy was desired, whilst the size of the alumina boats had to remain 
the same due to the limitation of the IAP tube size. When the alloy disc was placed 
on the top of the foam, once melted, it tended to flow off the foam after melting if the 
upper surface was not perfectly horizontal. This usually resulted in a failure of 
infiltration and contamination of the tube furnace. Therefore, the order of the alloy 
Ceramic foam 
Alloy 
 Alumina boat 
Tube 
furnace 
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and the foam was reversed in Figure 3.4, compared with that in Figure 3.3. No 
discernible effect on the composite microstructure or property was observed 
between the two configurations in previous work at Loughborough University [6] or in 
this study.  
 
3.3.3 Infiltration Experiment for SiC/Al-Si alloy 
In order to suppress the reaction between SiC and Al which occurs during the 
processing of SiC/Al-Mg composites as stated in Section 2.4.1.3, efforts were made 
to produce SiC/Al-Si interpenetrating composites in this study. Infiltration 
experiments were performed with LM6 alloy and an Al-25Si alloy (diluted by pure Al 
from a piece of Al-50Si alloy, provided by Dr Simon Hogg (Department of Materials, 
Loughborough University, UK)) within various furnace atmospheres, with or without a 
vapour deposition treatment. The details of the experimental conditions are given in 
Table 3.4. The experiment without vapour deposition was the same as shown in 
Figure 3.3. The experiment in which the foam had a vapour deposition treatment is 
illustrated in Figure 3.5. A piece of AZ81 Mg alloy was put into the alumina boat in 
addition to the assembly of LM6 Al-Si alloy and ceramic foam. They were transferred 
into the tube with the Mg alloy near to the gas input direction. The heating and 
cooling stages and furnace atmosphere conditions were applied as in the infiltration 
process for Al-Mg alloy-based IPCs, detailed in Section 3.2.2. The process was also 
monitored through the quartz glass window. The vapour deposition was considered 
as an in-situ treatment with the infiltration process to minimise the thickness of the 
coating. Once the foam was observed completely infiltrated, the furnace was cooled 
down to ambient temperature; otherwise a maximum holding time of 1 hour was 
applied. 
 
Table 3.4. Experiments designed for infiltrating of Al-Si alloy into SiC foam. 
Temperature Al-Si alloy Atmosphere 
In-situ vapour 
deposition 
915ºC 
LM6 
Ar N/A 
N2 N/A 
N2 Applied 
Al-25Si 
Ar N/A 
N2 N/A 
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Figure 3.5: Schematic diagram of vapour deposition and infiltration process for SiC/Al-Si 
system. 
 
3.3.4 Infiltration Parameter Studies 
In addition to temperature, other factors that affect the pressureless infiltration were 
studied, including the use of magnesium, argon and nitrogen atmospheres. A series 
of experiments designed for these studies are shown in Table 3.5. Alumina, spinel 
and mullite foams were heated with a range of metal alloys in argon or nitrogen 
atmospheres. Note that the temperature used for these experiments was 915°C, 
which is the optimum temperature for infiltrations of Al-Mg alloys into Al2O3 foams 
[17], and all of the heating and cooling stages were carried out in pure argon. In 
Experiment IV, ceramic foams were heated in N2 with a piece of AZ81 alloy which 
contained ~91 wt% of Mg and ~9 wt% of Al, but unlike Experiments I to III in which 
the metals were placed beneath the foams and in contact with them, the ceramic 
foam and the metal were physically separated by 5 mm to prevent the molten metal 
infiltrating the foam. Samples made by these experiments were analysed using 
various techniques to see what formed on the ceramic struts after each step. 
 
Table 3.5: Compositions investigated for determining the roles of Mg and N2 during the 
pressureless infiltration process. 
Experiment Metal Atmosphere at 915oC 
I Al Ar 
II Al N2 
III Al-10Mg Ar 
IV Mg-9Al N2 
 
Al-Si alloy 
Ceramic foam 
Alumina boat 
Mg alloy 
Tube furnace 
Gas flow 
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3.3.5 Etching of IPCs 
IPC samples made of the different ceramic foams were treated using an 
electrochemical dissolution method to remove the metal phase for examination of the 
interface composition and structures. The electrolyte used was 3.5 wt% NaCl in de-
ionised water. The voltage and current used for the dissolution were 8 V d.c. and 3 A, 
respectively. The electrolyte was maintained at about 20°C throughout the process. 
The etching took less than 1 minute to remove the metal from the cells at the surface 
of the composites with minimal damage to the features, which may hydrolyse in the 
solution, at the metal-ceramic interface. 
 
3.4 Property Characterisation 
 
3.4.1 Density 
The geometrical method was used to measure the density of the ceramic foams. An 
electronic balance was used to weigh the samples and an electronic micrometer was 
used to measure their length, width and height. Each dimension was measured at 
least three times and the average value was calculated. Then, the value of density 
was calculated from the formula: 
 
  
 
   
                                                       (3.1) 
 
where   is density,  is weight of the sample,   is length,   is width and   is height. 
 
The Archimedes Principle (the principle of buoyancy) was used to measure the 
density of the composites. In this method, the sample was first ground to eliminate 
any defects or impurities on the surface, then weighed both in air and in deionised 
water; the temperature of the water was also measured. Then, the value of density 
was calculated by following formula: 
 
  
     
     
                                                   (3.2) 
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where  
 
 the density of water at measured temperature,    is the weight of the 
sample in air and   is the weight of the sample in water. 
 
3.4.2 Hardness 
To determine the bulk hardness of the interpenetrating composites, a standard 
Rockwell Hardness tester (Mitutoyo ARK-600) was used with a 1.6 mm (1/16 in.) 
steel ball. The samples were polished with diamond suspension down to a 1 µm 
finish. A pre-load of 100 N was applied followed by a full load of 1000 N or 1500 N, 
corresponding to the B and G scale, respectively. At least ten measurements were 
made on each sample. Standard error was calculated. Morphologies of the indents 
were observed using field emission gun scanning electron microscope (FEGSEM).  
 
3.4.3 Wear Resistance 
The wear resistance of the composites was measured using a linear reciprocating 
ball-on-flat method at ambient temperature in a dry environment. The equipment 
setup is shown in Figure 3.6. Composite samples measuring 35±2 mm × 15±2 mm × 
8±2 mm (length × width × thickness) in size were ground on SiC paper from 120 to 
1200 grit and fixed in a sample holder. Following calibration to ensure the counter 
balance weight and the moveable weight were level, the load was applied vertically 
downward onto the horizontal, flat sample through a 12 mm-diameter tungsten 
carbide ball, which slid on the sample surface with a speed of 50 mm s-1 and a 25 
mm stroke length at ambient temperature in a dry environment under 10, 15 and 20 
N loads. The Hertzian pressure, calculated based on a wear scar width of ~2000-
4000 µm and that the contact between the ball and sample was perfect, was ~0.8-
6.4 MPa. After the desired sliding distance, an electronic balance with a sensitivity of 
0.1 mg was used to measure the weight loss of the sample and the wear rate was 
calculated by the equation: 
 
           
     
  
                                              (3.3) 
 
where       is the weight loss,   is the density of the sample, and   is the sliding 
distance. At least three tests were carried out on each kind of sample under each set 
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of conditions. Standard error was calculated. After the wear tests, the worn surfaces 
were characterised using the FEGSEM. 3D surface morphologies of the worn tracks 
and their depth and width were measured using a Talysurf CLI2000 (Taylor Hobson 
Ltd., Leicester, UK). In addition to the gel cast foams, a 30% dense alumina preform 
and a 30% dense SiC preform were also used to produce Al-Mg based 
interpenetrating composites for wear resistance test. They were supplied by Dytech 
Corporation Limited, made from alumina and SiC powders, respectively, with SAFFIL 
fibres by first vacuum forming and then sintering. The samples and conditions of the 
tests are shown in Table 3.6. 
 
Figure 3.6: Schematic diagram of the linear reciprocating wear test equipment. 
 
Table 3.6: Information of ceramic / Al-10Mg interpenetrating composites that were tested by 
the linear reciprocating dry sliding wear test within various conditions: 
Ceramic 
materials 
Preform 
density 
Average cell 
size / µm 
250 m sliding 5000 m sliding 
10 N 15 N 20 N 20 N 
Mullite foam 
20% 
100 √ √ √ √ 
300 √ √ √ √ 
500 √ √ √ √ 
30% 
100 √ √ √ √ 
300 √ √ √ √ 
500 √ √ √ √ 
40% 
100 √ √ √ √ 
300 √ √ √ √ 
500 √ √ √ √ 
Spinel foam 
15% 200 √ √ √ √ 
20% 200 √ √ √ √ 
Alumina foam 27% 160-200 x x √ √ 
Alumina powder/fibre 30% N/A x x √ √ 
Sample holder 
Counter 
balance weight 
Back and forth 
movement 
Moveable 
weight 
WC ball 
Sample 
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3.4.4 Thermo-Mechanical Analysis (TMA) 
A TA-Instruments 2940 TMA machine was used to examine the thermal expansion 
behaviour of the IPCs. The IPCs samples were machined to a dimension of 5x5x10 
mm, and the sharp edges were ground off to reduce the chance of stress 
concentration. The TMA samples were heated from ambient temperature to 500°C at 
a rate of 5°C/min and cooled back to room temperature at the same rate. The 
thermal strain was calculated by dividing change in length by the original length of 
the sample. The coefficient of the thermal expansion was then obtained by plotting 
thermal strain versus temperature. Each sample was tested three times. For thermal 
strain a scatter of less than 0.2 x 10-3 was observed. Samples that have been tested 
by TMA are shown in Table 3.7. 
 
Table 3.7: Samples of interpenetrating composites for TMA analysis. 
Materials Ceramic content Cell size 
Al-10Mg alloy 0% N/A 
Al-10Mg/spinel 20% 300 
Al-10Mg/mullite 
20% 300 
30% 300 
40% 300 
Al-10Mg/alumina 
20% 300 
40% 300 
 
3.5 Wetting and Bonding Test 
 
3.5.1 Sessile Drop Tests 
Sessile drop experiments were carried out using sintered ceramic substrates made 
from the ceramic powders that had been used to fabricate the ceramic foams. The 
materials examined were pure Al (99.99%), Al-10 wt% Mg alloy, Al2O3 (purity 99.8%), 
MgAl2O4 (78 wt% alumina), Al6Si2O13 (calcined from kyanite (Al2SiO5), consisting of a 
major mullite phase and a minor amount of alumina and free silica), and Mg3N2 
coated on each kind of ceramic substrate using a chemical vapour deposition (CVD) 
method. The metal specimens, each of about 300 mg, were ultrasonically cleaned in 
acetone before the wetting tests. The ceramic substrates were ground and polished 
with diamond suspension to a finish of 1 µm surface roughness. The wetting tests 
were performed in the tube furnace in an Ar atmosphere and a N2 atmosphere at 
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915°C, which is considered as the optimum infiltration temperature for the Al / Al2O3 
system [17]. The contact angles were measured from photographs taken by a digital 
camera through the quartz glass window after the metal-ceramic assembly had been 
heated at 915°C for 30 minutes, as it has been observed that all of the alumina, 
spinel and mullite foams with 1 cm thickness could be completely infiltrated by the 
molten Al-Mg alloy in this time. Due to the gas convection in the furnace chamber, 
however, the drop shape definition was not entirely satisfactory, resulting in a 
relatively poor accuracy of contact angle measurements (±3°). Nevertheless, the 
results were indicative and could be used. The sessile drop tests that have been 
carried out are shown in Table 3.8. 
 
Table 3.8. Experiments designed for infiltrating of Al-Si alloy into SiC foam. 
Ceramic substrate Metal drop Mg3N2 coating Atmosphere 
Alumina 
Pure Al 
Not applied 
Ar 
N2 
Applied 
Ar 
N2 
Al-10Mg 
Not applied 
Ar 
N2 
Applied N2 
Spinel 
Pure Al 
Not applied 
Ar 
N2 
Applied 
Ar 
N2 
Al-10Mg 
Not applied 
Ar 
N2 
Applied N2 
Alumina 
Pure Al 
Not applied 
Ar 
N2 
Applied 
Ar 
N2 
Al-10Mg 
Not applied 
Ar 
N2 
Applied N2 
 
3.5.2 Bonding Strength Measurements 
The bond strength of the pure aluminium drop on the Mg3N2 coated alumina 
substrate was determined at ambient temperature using an INSTRON 3369 machine 
with automatic recording of the applied load versus the corresponding displacement 
to failure, under a constant displacement rate of 1 mm/min. The shear strength was 
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calculated by dividing the applied load by the initial substrate interfacial area 
measured on optical micrographs taken at ×10 magnification. The fracture surface of 
the sample was observed using FEGSEM. 
 
3.6 Microstructure Characterisation 
 
3.6.1 Optical Microscopy 
Samples of the composites were mounted in non-conductive Bakelite and ground on 
successively finer grades of SiC paper from 120 to 2500 grit under flowing water. 
The samples were then polished using 6 µm diamond paste and then 1 µm diamond 
paste followed by a final polish using 0.02 µm colloidal silica. A ReichertJung MeF3 
optical microscope was used to observe the polished surface of the samples.  
 
3.6.2 Scanning Electron Microscopy (SEM) 
A LEO VP 1530 field emission gun scanning electron microscope (FEGSEM), which 
also has the capacity to collect Energy Dispersive X-ray Spectrometer (EDS) data, 
was used. Composite samples were mounted in conductive Bakelite and prepared 
the same as those for the optical microscopy examination. Other bulk samples, e.g. 
samples produced for infiltration parameter studies, were usually coated with a ultra-
thin gold coating to prevent charging problem in the SEM. Secondary electrons were 
used for imaging, as well as back scattered electrons. 5, 10, and 20 kV were used as 
the operating voltage for imaging and for EDS analysis. 
 
3.6.3 Dual Beam Focused Ion Beam (FIB) 
A Dual Beam Nanolab 600 FEI FIB, which combines a FEGSEM and a focused ion 
beam (FIB) microscope, was used for TEM sample preparation, sectioning and 
imaging.  Figure 3.6 illustrates the procedures for TEM sample preparation using the 
DBFIB. 
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Figure 3.6: Schematic diagram of the TEM sample preparation process using DBFIB: (a) 
milling materials on both sides of an area; (b) U shape cut; (c) attaching sample to a 
micromanipulator; (d) sample lifting out; (e) attaching sample to a TEM grid; and (f) sample 
after final thinning [6]. 
 
For TEM preparation, firstly, a thin layer of Pt, measuring 10 µm long and 2 µm wide, 
was deposited on the surface of the selected area on the bulk composite sample for 
protection. Next the materials on both sides of the coated area were milled out using 
the Ga+ ion beam, Figure 3.6(a). A U-shaped cut was then performed on the thin film 
5 µm 
 
5 µm 
 
1 µm 
 
3 µm 
 
100 µm 
 
5 µm 
 
(b) 
(e) 
(f) 
(c) (d) 
(a) 
Sample 
TEM grid 
Al  Al2O3 Al  
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TEM  
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sample and a small ligament left connected to the bulk composite sample, Figure 
3.6(b). After that, a micromanipulator was inserted near to the end of the thin film 
which was not connected to the bulk sample. Pt was deposited at the contact area 
between the micromanipulator tip and the sample to bond them together, Figure 
3.6(c). Following this, the thin film sample was detached from the bulk sample by 
removing the small ligament using the ion beam. The thin film sample was lifted by 
the micromanipulator, Figure 3.6(d), and then welded to a TEM grid by Pt deposition, 
Figure 3.6(e). After detaching the sample from the micromanipulator using ion beam, 
final thinning of the sample was performed on both sides of the thin film sample to 
reduce the thickness to less than 200 nm Figure 3.6(f). 
 
3.6.4 Transmission Electron Microscopy (TEM) 
TEM samples were examined using a JEOL JEM 2000FX TEM equipped with 
Oxford Instrument Inca EDS spectroscopy, an FEI TecnaiF20 field emission gun 
(FEG)TEM/Scanning Transmission Electron Microscope (STEM) (Birmingham 
University) and a JEOL 2100 FEGTEM (Nottingham nanotechnology and 
nanoscience centre). The FEI Tecnai F20 FEGTEM field emission gun TEM/STEM 
was fitted with a high angle annular dark field (HAADF) detector, Oxford Instruments 
INCA EDX system/80 mm2 X-Max silicon drift detector, which provided quality X-ray 
elemental maps for Al, Mg, Si, N and O due to the high count rates. The JEOL 
2100F was equipped with a Gatan image filter (GIF) Tridiem for electron energy loss 
spectroscopy (EELS), which provided further analysis of the N and O at the interface 
with greater spatial resolution and accuracy. 
 
3.6.5 Energy Dispersive X-Ray Spectroscopy (EDS) and electron energy loss 
spectroscopy (EELS) 
The Energy Dispersive X-Ray Spectroscopy (EDS) was used in this project to 
identify the chemical composition of the samples. All of the SEMs and TEMs used in 
this project had EDS instruments. The FEGSEM-EDS had a lower resolution (~1 µm), 
because the detected X-rays normally derive from a large, sub-surface interaction 
volume, which can measure an area on the order of one micrometre in size. The 
EDX incorporated with TEM had a higher resolution that was effectively determined 
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by spot size (2-3 nm), due to the very thin sample. However, EDS is not good at light 
element identification, such as N, due to their low fluorescent yield (weak K-lines) 
and easily absorbed energy by the specimen itself. Therefore, EELS, which works 
better for relatively low atomic numbers, was used associated with EDS for chemical 
composition identification. Note that the EELS analysis required very thin specimens 
and hence this technique was usually used in association with TEM. 
 
3.6.6 X-Ray Diffraction (XRD) Analysis 
In order to identify the phases present in the bulk samples, a Bruker D8 X-ray 
diffractometer was used. The samples were analysed using CuKα radiation with a 
wavelength of 0.15406 nm. The scan step was 0.02° with a dwell time of 1 second 
for 2θ from 10° to 120°. The XRD patterns were compared with JCPDS (Joint 
Committee on Powder Diffraction Standards) cards in PDF (Powder Diffraction File) 
database. Note that phases with less than 4% volume fraction in the bulk sample 
were not detected by XRD. 
75 
 
4.1 Processing of Oxide Ceramic / Aluminium IPCs and the 
Underpinning Mechanism   
 
4.1.1 Processing of Oxide Ceramic / Aluminium-Magnesium IPCs 
 
In this section, the results of pressureless infiltration of molten Al-Mg alloy into a 
range of oxide ceramic foams, including spinel, mullite and alumina, are presented 
and discussed. The microstructures of the composites are characterised from the 
“macro” to very fine scale. The effects of magnesium, furnace atmosphere and 
processing temperature on the microstructure of the composites, especially the 
metal-ceramic interface, and the infiltration kinetics are shown and discussed. This 
section also presents the results of sessile drop/wetting test to clarify which 
compound(s) that formed at the metal-ceramic interface was wetted by the molten 
aluminium and hence induced the infiltration. 
 
4.1.2 Processing of Oxide Ceramic / Aluminium-Magnesium IPCs 
 
4.1.2.1 Characterisation of Oxide Ceramic foams 
 
Figure 4.1(a) shows an SEM electron micrograph of a 15% dense spinel foam. This 
foam had the typical structure produced using the gel casting technique, with open 
spherical cells that are connected by circular windows, providing paths for molten 
metal to infiltrate throughout the whole structure. The mullite foams, Figure 4.1(c), 
used in this study had fundamentally the same structure as the spinel foams. 
 
However, different features were found in their ceramic foam struts at higher 
magnifications, Figure 4.1(b) and (d). It can be seen that the spinel foam strut was 
more open and made of larger particles. It is well known that spinel is one of the 
hard-to-sinter oxide ceramic materials. All of the foams used in this study from 
Chapter 4. Results and Discussion 
76 
 
Dytech Ltd. were sintered using conventional sintering route, so that the foam struts 
were not 100% dense. The mullite strut was dense with few pores and a glassy 
phase can be observed, which is believed to be solidified remnants of liquid phase 
present during sintering.  
 
Each kind of foam was observed from three directions to check homogeneity. It was 
observed that their microstructures were macroscopically isotropic, thus 
macroscopically isotropic properties were anticipated in the final composites. 
 
 
Figure 4.1. SEM secondary electron micrographs of (a, b) 15% dense gel-cast spinel foam 
and (c, d) 20% dense gel-cast mullite foam. 
. 
Figure 4.2 shows the XRD analysis of the as-received spinel (JCPDS 21-1152) foam. 
It can be seen that the spinel foam has a high purity; no bulk secondary phase was 
observed. 
 
The XRD analysis of the as-received mullite foam is shown in Figure 4.3. It can be 
seen that a high volume fraction of alumina (JCPDS 10-0173) was included in the 
300 µm 
(a) (b) 
10 µm 
300 µm 
(d) 
10 µm 
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mullite (JCPDS 15-0776) foam. Note that the broad shallow peak between 10° to 30° 
was due to a minor amount of amorphous silica. 
 
 
Figure 4.2. XRD analysis of the as-received spinel foam (JCPDS 21-1152). 
 
 
 
Figure 4.3. XRD analysis of the as-received mullite foam. 
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4.1.2.2 Oxide Ceramic / Aluminium-Magnesium IPCs produced at 915°C 
 
Processing in Pure Nitrogen Atmosphere 
First, a pure N2 gas flow was used to produce Al-10Mg/mullite interpenetrating 
composites throughout the whole infiltration process, including heating from room 
temperature and cooling down. The foam was only partially infiltrated and a large 
number of pores existed inside the sample. Figure 4.4 shows an example of mullite-
based IPCs in the region with un-infiltrated cells. It can be seen that, compared with 
the original foam (Figure 4.1(c)), the sample had a layer deposited on the ceramic 
skeleton and most of the pores were closed, Figure 4.4(a). Figure 4.4(b) shows that 
the layer consisted of lots of needle-shaped crystals. The SEM-EDS spectrum given 
in Figure 4.5 indicates that the crystals were aluminium nitride.  
 
 
Figure 4.4: SEM secondary electron micrographs of Al-10Mg/mullite interpenetrating 
composite produced with pure N2 flowing throughout the whole process. 
 
According to the SEM micrographs and SEM-EDS spectrum, it can be concluded 
that it is the aluminium nitride that closed the pores by blocking the windows which 
connected the open cells, hence the liquid metal could not infiltrate. Even if the cells 
had not been closed by the nitride and the foam had been fully infiltrated by the Al-
10Mg alloy, the thick reaction product layer would probably still be detrimental to the 
mechanical properties of the final composites. The termination of infiltration due to 
too much AlN formation has also been observed by other researchers [40]. 
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As stated in the literature survey, the formation of some aluminium nitride is crucial 
for the infiltration process as it can improve the wetting between the ceramic and 
aluminium alloy. Chang [6] investigated the behaviour of liquid Al-Mg alloy in N2 by 
DSC-TGA analysis; she found that the formation of the AlN occurred at ~800°C, but 
the infiltration rate of Al2O3/Al-Mg system was very slow before the temperature 
reached ~900°C, giving time for the excessive formation and deposition of AlN on 
the ceramic foam skeleton. Therefore, the infiltration process was been adapted with 
the use of argon gas during the heating and cooling stages. 
 
 
Figure 4.5: SEM-EDS analysis of needle shape crystals in Figure 4.4(b). 
 
Processing in Argon-Nitrogen-Argon Atmosphere 
SEM electron micrographs of the infiltrated composites made by pressureless 
infiltration of Al-10Mg alloy into spinel and mullite foams in Ar-N2-Ar atmosphere are 
shown in Figure 4.6 (a) and (c), respectively. The metal phase appears bright and 
the darker phase is the ceramic. It can be seen that both the oxide ceramic foams 
were completely infiltrated. The densities of the composites were ~98-99% of the 
theoretical value; the residual ~1% porosity could be due to either a very small 
number of closed pores in the foam struts and/or the shrinkage of the metal phase. 
No bulk secondary phases were observed in these composites. A few dark particles 
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were seen in the metal phase of the mullite composites, which were rarely observed 
in spinel IPCs. 
 
 
Figure 4.6. SEM secondary electron micrographs of interpenetrating composites made of Al-
10Mg alloy and 20% dense (a, b) spinel foam and (c, d) mullite foam. Both the foams were 
completely infiltrated and good bonding formed between the metal and the ceramic phases. 
 
SEM micrographs of the interfaces between the metal and ceramic phases are 
shown in Figure 4.6 (b) and (d) for the spinel and mullite-based IPCs, respectively. 
Good metal-ceramic bonding can be seen and, from Figure 4.6(b), the metal not only 
filled the foam cells but also infiltrated into the microporosity in the foam struts, 
resulting in very dense composites. Along the spinel-metal interface some submicron 
second phase particles were observed, which were darker than the spinel and lighter 
than the metal. These will be discussed in section 4.1.3. From Figure 4.6(d), the dark 
particles observed in Figure 4.6(c) appeared brittle and were pulled out of the 
composite during surface polishing. SEM-EDS spot analysis indicated it was rich in 
Mg and Si, which could be Mg2Si.  
 
300 µm 
(a) 
300 µm 
(c) 
5 µm 
(b) 
Al alloy 
Spinel 
5 µm 
(d) 
Al alloy 
Mullite 
Mg2Si 
81 
 
Figure 4.7 shows an SEM micrograph with EDS maps for a spinel-based composite. 
No bulk secondary phase was observed. As expected, the aluminium and oxygen 
concentrations were highest within the metal phase and the ceramic phase, 
respectively, Figure 4.7(b) and (d). Both metal and ceramic phases contain 
magnesium, and, Figure 4.7(c), the concentration of magnesium was greatest just 
along the ceramic-metal interface. This appears to correlate with the second phase 
particles found in Figure 4.6(b). Due to the low resolution of the SEM-EDX, the 
compound could not be identified in the magnesium rich area from this technique.  
 
Figure 4.7. (a) SEM secondary electron micrographs of MgAl2O4/Al-10Mg IPC, with EDS 
maps for (b) Al, (c) Mg and (d) O. A higher concentration of Mg was observed along the 
metal-ceramic interface. 
 
 
An SEM micrograph with EDS maps for a mullite-based composite are shown in 
Figure 4.8. Similar to the spinel, the concentration of magnesium is highest along the 
ceramic-metal interface, however, in this case a gradual reduction was observed 
from the edge to the centre of the metal cells. This phenomenon was also found in 
Al2O3 / Al-Mg interpenetrating composites [17]. This may indicate that the 
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magnesium has initially precipitated on the interface. Note that there are other local 
areas that have a higher magnesium concentration within the ceramic phase near to 
the interface, but had overlap with high oxygen concentration (Figure 4.8(d)), 
appearing to be magnesium oxide. In addition, a high concentration of both 
magnesium and silicon was seen in local areas, e.g. point A at the bottom right 
corner of the in Figure 4.8(a), and this phase appeared to be Mg2Si. 
 
Figure 4.8. (a) SEM secondary electron micrograph of Al6Si2O13/Al-10Mg IPC, with EDS 
maps for (b) Al, (c) Mg, (d) O and (e) Si. A higher concentration of Mg was observed along 
the metal-ceramic interface. Mg2Si was seen in local areas, e. g. point A. 
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XRD analysis of bulk samples of spinel- and mullite-based interpenetrating 
composites are shown in Figure 4.9 and Figure 4.10, respectively. It is seen that in 
the spinel-based IPC, other phases were not detected beside spinel (JCPDS 21-
1152) and aluminium (JCPDS 4-0787). The mullite-based IPC consisted of 
aluminium, mullite (JCPDS 15-0776), alumina (JCPDS 10-0173), and Mg2Si (JCPDS 
1-1192). 
 
Figure 4.9: XRD analysis of MgAl2O4 / Al-10Mg interpenetrating composite produced at 
915°C in Ar-N2-Ar atmosphere. 
 
 
Figure 4.10: XRD analysis of Al6SI2O13 / Al-10Mg interpenetrating composite produced at 
915°C in Ar-N2-Ar atmosphere. 
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The Mg2Si phase was found in the mullite-based IPC, and not detected in the spinel-
based IPC, suggesting that the Mg2Si was not caused by the reaction between Mg 
and Si present in the Al alloy. Hence it is highly possible that the Mg2Si was a result 
of the reaction between the amorphous silica in the mullite foam with the reactive 
metal in the Al-Mg alloy. Possible reactions are: 
 
                                                             (4.1) 
 
                                                           (4.2) 
 
                                                           (4.3) 
 
                                                               (4.4) 
 
The free Si released from reactions (4.1) to (4.3) could then react with the 
magnesium, forming Mg2Si, reaction (4.4). Note that aluminium silicide was not 
observed being formed in the composite due to thermodynamic reasons [115].  
 
Another possible source of the Mg2Si is the reaction of molten Al with mullite, which 
has a strongly negative Gibbs energy in low oxygen partial pressure and at 
temperatures above 900°C [33]: 
 
                                                                                                      (4.5) 
                  
   
 
This reaction can also release free Si which can react with Mg to form Mg2Si. 
However, XRD analysis of the mullite-based IPC in Figure 4.10 does not show a 
significant increase of volume fraction of Al2O3 compare to the as-received mullite 
foam, Figure 4.3, so it is believed that there was only a slight degradation of the 
mullite.  
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4.1.2.3 Processing Condition Optimisation – Temperature 
 
Effects of Temperature on Infiltration Rates 
Figure 4.11 shows the infiltration rates of Al-10Mg alloys into different ceramic foams 
as a function of temperature in pure N2 gas flow. Note that the infiltration rate 
measurements terminated at 920°C to prevent significant vaporisation of Al. It can be 
seen that the infiltration rates increased with increasing processing temperature. No 
significant effects of pore size or foam density (from 15% to 40%) were observed. 
Theoretically, the infiltration rate is determined by the surface tension and viscosity 
of the liquid metal, the diameter of the path for infiltration, and the wetting between 
the liquid metal and the solid ceramic (Equation 2.15). Assuming that the diameter of 
the path for infiltration remained constant with increasing temperature, the surface 
tension of the liquid aluminium reduced (Figure 2.18) [42] which means the liquid-
vapour surface energy increased. The viscosity of the liquid metal will have 
decreased with increasing temperature; at the same time, the higher temperature 
would improve the wetting between the liquid metal and the solid ceramic (Figure 
2.17) [6]; therefore, the infiltration rates increased with increasing temperature. 
 
 
Figure 4.11. Infiltration rates of Al-10Mg alloys into spinel, mullite and alumina foams 
versus temperature in Ar-N2-Ar. 
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From Figure 4.11, it can be seen that at 915°C, substantial infiltration was obtained 
for alumina and mullite, therefore 915°C was selected as processing temperature for 
both systems, and similarly 890°C for spinel. It is also obvious that the spinel system 
yielded the fastest infiltration among the three ceramic materials at the same 
temperature. The infiltration rate of the spinel system was ~2-3 times the infiltration 
rate of mullite in the range 870-910°C, and ~3-5 times as high as the infiltration rate 
of alumina, promising much shorter processing times and hence less energy 
consumption.  
 
Composites Produced at Different Temperatures 
Figure 4.12 shows optical micrographs of the mullite-based composites produced at 
different temperatures. Similar to the SEM micrographs of the composite, the bright 
phase was the metal phase and the dark phase was the ceramic. It is seen that 
beside the dispersed dark particles in the metal cells, the composite produced at low 
temperature, 895°C, revealed a grey layer measuring ~20 µm thick that formed in 
the metal phase near to the metal-ceramic interface, which was not observed in the 
composite produced at 915°C.   
 
 
Figure 4.12. Optical micrographs of mullite foam / Al-Mg IPCs produced in Ar-N2-Ar 
atmosphere at (a) 895°C and (b) 915°C. 
 
A back-scattered electron micrograph of the mullite-based composite produced at 
895°C is shown in Figure 4.13.  The brightest phase was the metal phase and the 
darkest phase was the ceramic. The grey second phase along the interface was also 
observed. SEM-EDS spot analysis also showed Al and N in this phase. In the XRD 
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analysis of the bulk sample produced at 895°C, Figure 4.14, peaks of AlN (JCPDS 
25-1133) were more clearly seen compared with the XRD patterns of the sample 
produced at 915°C, Figure 4.10. 
 
 
Figure 4.13. Back-scattered electron micrograph of mullite / Al-Mg IPCs produced in Ar-N2-
Ar atmosphere at 895°C, showing the grey second phase along the interface. 
 
 
Figure 4.14. XRD analysis of mullite-based composite produced in Ar-N2-Ar atmosphere at 
895°C. 
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The thick layer of AlN formed in the metal cell around the metal-ceramic interface 
was also observed in alumina-based IPC produced at lower temperature [6]. 
Additionally, it has been reported that the nitride content in Al-Mg/ceramic 
composites processed in 10% N2-90% Ar was greater than in the case of 100% N2 
[40]. All of the facts can be attributed to the lower infiltration rate resulting from lower 
processing temperature or lower N2 partial pressure. The low infiltration rate allows a 
longer period of time available for the reactions to form AlN. 
 
4.1.3 Underpinning Mechanism of Pressureless Infiltration for Oxide Ceramic-Based 
Composites 
This section presents the microstructure of the metal-ceramic interface of the oxide-
ceramic foam / Al-Mg IPCs produced in Ar-N2-Ar at 915°C, as well as the 
contribution of the processing parameters, e.g. Ar, N2 and Mg, to the interface 
compositions. The results of wetting tests are shown to help to understand the 
underpinning mechanism of the pressureless infiltration of the oxide ceramic / Al-Mg 
interpenetrating composites by indicating the key compound(s) which improved the 
wettability. 
 
4.1.3.1 Metal-Ceramic Interface of Oxide Ceramic / Aluminium-Magnesium IPCs 
 
Interface of MgAl2O4 / Al-10Mg Interpenetrating Composites 
A STEM micrograph and EDS maps of a thin film sample lifted out from the metal-
ceramic interface of a spinel-based composite are shown in Figure 4.13. Generally 
the ceramic phase and the aluminium phase can be distinguished in Figure 4.13(d), 
in which the ceramic phase reveals the highest oxygen concentration at the left side 
and the metal phase reveals the lowest oxygen concentration at the right side. Mg 
was observed everywhere, Figure 4.13(c), because both the aluminium alloy and the 
spinel phases contained it. A few regions show the highest Mg concentration with the 
lowest Al concentration, e.g. points A and B in Figure 4.13(b) and (c). They were 
identified by their TEM-SAD (selected area diffraction) patterns as MgO (JCPDS 45-
0946), Figure 4.14 and 4.15. This was possibly formed from the reaction of Mg 
vapour with residual O2 that had been trapped in the ceramic foam. This is one of the 
roles of magnesium during infiltration; to react with the residual oxygen and hence 
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ensure the infiltration front is free of any passivating aluminium oxide layer. In 
addition, some nitride crystals were formed in the Al phase, e.g. point C and D in 
Figure 4.13(e). Furthermore, a nitride layer was observed along the metal-ceramic 
interface in Figure 4.13(e).  
 
Figure 4.13. (a) STEM micrograph of a thin foil sample lifted out from the metal-ceramic 
interfacial area in an Al(Mg)/MgAl2O4 IPC processed in Ar-N2-Ar atmosphere at 915°C, with 
EDS maps for (b) Al, (c) Mg, (d) O and (e) N. MgO was observed, e. g. points A and B. 
Nitride crystals, e.g. points C and D, and nitride layer were seen along the interface. 
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Figure 4.14. (a) TEM micrograph and (b) the diffraction pattern of the MgO formed at the 
metal-ceramic interface in a spinel foam-based composite, corresponding to point A in 
Figure 4.13. 
 
 
Figure 4.15. (a) TEM micrograph and (b) the diffraction pattern of the MgO formed in the 
spinel foam-based composite in the gap between spinel particles, corresponding to point B 
in Figure 4.13.  
.  
Figure 4.16 shows a higher magnification STEM micrograph with EDS maps for the 
metal-ceramic interface of a spinel foam-based composite. No porosity was 
observed, indicating very good interfacial bonding. From Figure 4.16(c)-(e), it is 
apparent that the magnesium oxide formed on the spinel particles. 
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Figure 4.16. (a, b) STEM micrograph of a thin foil taken from the interface of a Al6Si2O13/Al-
10Mg IPC at higher magnification with EDS maps for (c) Al, (d) Mg, (e) O and (f) N. Beside a 
thin nitride layer, larger nitride crystals were formed with needle- or plate- morphologies. 
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Figure 4.16(f) shows some nitride crystals were formed with needle- or plate- 
morphologies in the metal phase. They were identified by their diffraction patterns as 
hexagonal AlN, Figure 4.17. However, the AlN was not detected in the bulk sample 
by XRD, Figure 4.10, probably due to the small amounts formed which will have 
been below the XRD detection limit. The thin nitride layer consisting of very fine 
particles was clearly observed and was found everywhere along the metal-ceramic 
interface in Figure 4.16(f). Due to the small thickness (<100 nm) of the layer, it could 
not be identified by the TEM-SAD technique. 
 
 
Figure 4.17. (a) TEM micrograph and (b) the diffraction pattern of AlN formed at the metal-
ceramic interface in the spinel foam-based composite.  
 
 
Figure 4.18. (a) TEM micrograph and (b) the diffraction pattern of the fine MgAl2O4 spinel 
particles at the metal-ceramic interface in the spinel foam-based composite.  
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It was noticed that some regions consisting of nano-sized particles rich in Mg, Al and 
O formed on the spinel or magnesium oxide particles; an example is the area 
marked as A in Figure 4.16(b). Diffraction patterns of this area indicated a structure 
of MgAl2O4, Figure 4.18, which probably formed due to the oxidation of Al and Mg 
vapour at a relatively low partial pressure of oxygen; it has been frequently observed 
by other researchers [38-41] in Al-Mg / Al2O3 composites. 
 
Interface of Al6Si2O13 / Al-10Mg Interpenetrating Composites 
A STEM image and EDS maps for a mullite-based composite are shown in Figure 
4.19. Thin layers of fine nitride particles were again found at the metal-ceramic 
interfaces, as well as some larger AlN particles embedded in the Al alloy matrix, 
Figure 4.19(b) and 4.19(f).  
 
There were some local points with a high concentration of magnesium in the metal 
matrix, e.g. point A in Figure 4.19(c). According to EDS spot analysis, Table 4.1, they 
were intermetallic phases of Mg5Al8, whilst the metal matrix around the intermetallics 
had about 7 wt% Mg. The Mg5Al8 was also found in the spinel-based composite near 
to the interface.  
 
Table 4.1. TEM-EDS results of location A Figure 4.19(c). 
Position Atomic% of Mg Atomic% of Al 
A 38.1 61.9 
Metal matrix around A 7.0 93.0 
 
From Figure 4.19(c), it can also be seen that a continuous layer of a magnesium-
based compound formed at the metal-ceramic interface. It was identified by its 
diffraction pattern, Figure 4.20, and the ring patterns indicate that the layer consisted 
of nano-sized particles of MgO and MgAl2O4. These oxide particles may be the result 
of the oxidation of the vapour phase of Mg and Al, and the reactions between SiO2 in 
the ceramic struts and Mg and Al vapour. These reactions released Si which would 
then react with Mg to form Mg2Si (JCPDS 1-1192) after cooling. The Mg2Si phase 
was also observed in the TEM sample at bottom left of Figure 4.19, and its TEM-
SAD pattern is shown in Figure 4.21.  
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Figure 4.19. (a) STEM image of Al6Si2O13/Al-10Mg IPC processed in Ar-N2-Ar atmosphere at 
915°C, with EDS maps for (b) Al, (c) Mg, (d) O, (e) Si and (f) N. Thin layers of fine nitride 
particles were found along the interfaces, and some larger AlN particles in the Al alloy matrix. 
Intermetallic phases of Mg5Al8 were observed, e.g. point A, as well as Mg2Si, e.g. point B. An 
oxide layer between the mullite and the nitride layer consisted of MgO and MgAl2O4. 
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Figure 4.20. (a) TEM micrograph and (b) the diffraction patterns of MgAl2O4 and MgO at the 
metal-ceramic interface in a mullite foam-based composite.  
 
 
Figure 4.21. (a) TEM micrograph and (b) the diffraction patterns of Mg2Si at the metal-
ceramic interface in a mullite foam-based composite.  
 
Figure 4.22 shows another STEM micrograph with EDS maps for the metal-ceramic 
interface of a mullite-based composite. From the EDS maps, it can be seen that the 
region, marked as A at the right side of Figure 4.22(b), was Al. Near to the Al is a 
region rich in Si, Figure 4.22(c), partially associated with Mg rich regions, e.g. points 
B, C and D labelled in Figure 4.22(c) and (d), and the rest with O rich regions, e.g. 
point E and F in Figure 4.22(c) and (e); they were identified as Mg2Si and SiO2, 
respectively.  
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Figure 4.22. (a) STEM micrograph of a thin foil sample lifted out from the metal-ceramic 
interfacial area in an Al6Si2O13 / Al(Mg) IPC, with EDS maps for (b) Al, (c) Si, (d) Mg, (e) O 
and (f) N. Besides Al (point A), Al6Si2O13 (point G) and Al2O3 (point H), Mg2Si (points B, C 
and D), SiO2 (points E and F) and fine MgAl2O4 (point I) were observed at the interface, as 
well as a thin layer of nitride. 
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Between the silicide region and the oxide region, a very thin layer of nitride was 
again observed, Figure 4.22(f). In the oxide ceramic phase that is on the left hand 
side of the silicide region, both mullite and alumina particles were observed, e.g. 
points G and H respectively in Figure 4.22. Some nano-crystals were observed 
around the mullite particles, e.g. point I in Figure 4.22, and they were identified as a 
combination of MgAl2O4 and MgO by the TEM-SAD analysis, Figure 4.23(b). 
Although both the TEM samples of mullite-based IPCs revealed MgAl2O4 and MgO 
fine particles around the mullite particles, the XRD traces did not show obvious 
peaks for these two oxides, probably due to the relatively small amounts formed in 
the bulk sample which will have been below the XRD detection limit. 
 
 
Figure 4.23. (a) TEM micrograph and (b) the diffraction patterns of MgAl2O4 and MgO fine 
particles around mullite particles in a mullite foam-based composite. 
 
Regarding the formation of AlN, Rao et al. [40] suggested that it could be thought of 
as Al reacting with N2 at the infiltration front. Lee et al. [66] and Chang et al. [116] 
both found the formation of Mg3N2 from the reaction of Mg vapour and N2 during the 
infiltration process, though they did not find Mg3N2 at the metal-ceramic interface 
within the final composite. Therefore, Chang et al. [116] argued that the Mg3N2 
formed prior to the AlN on the surfaces of the ceramic grains; when in contact with 
the molten Al, the Mg3N2 reacts with the Al to form AlN. These reaction steps may be 
written as Equations 2.21-2.23. Then the recycled Mg could dissolve back into the 
molten metal and / or evaporate into the furnace atmosphere. However, in the 
published literature, no visual evidence has been found so far to prove this transition 
from Mg3N2 to AlN during the infiltration process of the Al-Mg alloy into oxide ceramic 
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preforms. Therefore, TEM examination of the nitride layer was carried out to clarify 
the formation of AlN. 
 
Figure 4.24. (a) STEM micrograph of the mullite foam-based composite interface with (b) the 
TEM-EDS line scan across the interface. 
 
A TEM-EDS line scan across the metal-ceramic interface in the mullite foam-based 
composite is shown in Figure 4.24(b), with the line scan position indicated in Figure 
4.24(a). It can be seen that the nitride layer was about 100 nm thick, with oxygen, 
magnesium and aluminium co-existing. From the starting point in the ceramic phase 
before entering into the nitride layer, i.e. from distance 0 to 120 nm in Figure 4.24(b), 
the Mg concentration increases significantly showing a transition zone from mullite to 
magnesium oxide and spinel. In the Al-Mg-O-N region, from distance 120 to 240 nm 
in Figure 4.24(b), the N concentration increases with the Al concentration at first and 
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then decreases, suggesting direct contact between the AlN with the Al alloy. It may 
also be observed that from the ceramic phase to the metal phase, the Al-Mg-O-N 
region shows a decrease in both Mg and O concentration, and the O concentration 
decreases much more rapidly than the Mg concentration when the N concentration 
begins increasing. To clarify this, EDS spot spectra were taken at the edges of the 
Al-Mg-O-N zone. The spot positions are shown in Figure 4.24(a) as points A and B, 
respectively; the corresponding elemental compositions are shown in Table 4.2. It 
can be seen that at both the edges of the nitride layer, the concentration of N was 
about constant, but the concentrations of Mg and Al show a reverse distribution of 
the two elements at the two sides; near to the ceramic phase, the nitride layer had a 
rich Mg phase, and near to the Al alloy, the nitride layer was rich in Al. Data in Table 
4.2 suggest that there was Mg3N2 formed near to the ceramic and AlN near to the Al 
alloy. This may suggest a transition of Mg3N2 to AlN when the former had contact 
with the molten Al. 
 
Table 4.2. TEM-EDS results of locations A and B in Figure 4.24(a). 
Position Atomic% of N Atomic% of O Atomic% of Mg Atomic% of Al 
A 36.9 7.1 52.2 3.8 
B 40.3 6.1 12.1 41.5 
 
It is well known that EDS is not good at identification of light elements, such as N, 
due to their low fluorescent yield (weak K-lines) and easily absorbed energy by the 
specimen itself. Since EELS works better for relatively low atomic numbers, to 
confirm further the presence of the continuous nitride layer and identify the detailed 
composition, the technique was used to analyse a thin foil specimen lifted out from 
the metal-ceramic interface of the mullite foam-based composite. A STEM HAADF 
image of the area is shown in Figure 4.25(a). The EELS line scans started from the 
mullite phase and crossed the interface, as indicated. Due to the limited electron 
energy loss range and the intensity that can be detected at a time, two lines scans 
were carried out in close proximity, one for O and N K edges; the other for Al and Mg 
K edges, and the results are shown in Figure 4.25(b)-(e).  
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Figure 4.25. (a) STEM micrograph of the mullite foam-based composite at the metal-ceramic 
interface, with EELS line scan for (b) O, (c) N, (d) Al and (e) Mg. It can be seen that the 
interface consists of an oxide layer, region B, and a nitride layer, regions C and D. Region C 
is rich in Mg and N, whilst region D is rich in Al and N. 
 
The range of 0-0.1 µm from the starting point, i.e. region A marked in Figure 4.25, 
was in the mullite phase, and 0.1-0.2 µm, region B, was in the region of the spinel 
fine particles that were identified in Figure 4.25. In region C, the curve of the O 
concentration decreased steeply, Figure 4.25(b), with a significant increase in N 
concentration, Figure 4.25(c), suggesting a transition from the spinel layer to a nitride 
layer. From Figure 4.25(c), the nitride layer within regions C and D was ~100 nm 
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thick. The Al concentration was very low in region C then increased in region D, 
Figure 4.25(d), whilst the Mg showed the opposite distribution, Figure 4.25(e), being 
greatest in region C and decreasing in region D. This suggests a transition in the 
nitride layer from Mg3N2 near the oxide phase to AlN near the metal phase. The 
coexistence of Mg3N2 and AlN formed in two possible ways; one was that the Mg3N2 
deposited onto the foam surface followed by the deposition of the AlN, and the other 
was that the Mg vapour reacted with N2 to form Mg3N2, and then the Mg3N2 reacted 
with the molten Al to form AlN. 
 
From the thermodynamic viewpoint, the formation of both Mg3N2 and AlN are 
favourable and strongly exothermic, whilst kinetically the formation of Mg3N2 is the 
more favourable reaction when a large amount of Mg vapour is generated due to the 
higher equilibrium vapour pressure of the Mg than the Al at 900°C [67]. It is therefore 
believed that the Mg3N2 formed from the reaction of Mg vapour and N2 deposited on 
and coated the ceramic foam surface. Since the AlN is more stable than Mg3N2 at 
high temperatures, the molten Al then reacted with the Mg3N2 where they were in 
contact to form the AlN.  
 
The EELS maps correlating with Figure 4.25(a) are shown in Figure 4.26. Note that 
the dark line at the left side, indicated by an arrow in Figure 4.26(a), in the maps was 
the trace left by the EELS line scan. The nitride layer is clearly shown between the 
oxide and the Al phases, Figure 4.26(b). Both Mg and Al were present within the 
nitride region, with opposite distributions, indicating the presence of both Mg3N2 and 
AlN at the metal-ceramic interface, e.g. points A and B marked in Figure 4.26, 
respectively, the former bonding with the metal and the latter close to the oxide. 
However, the nitride region was not a simple assembly of a Mg3N2 layer and a AlN 
layer with homogeneous thickness; instead, some AlN formed within the Mg3N2 
region, forming a complex structure. This suggested that the deposition of Mg3N2 
onto the ceramic surface was porous, so that the Al could have penetrated the 
Mg3N2 layer and reacted with it to form the AlN.  
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Figure 4.26. EELS maps correlating to Figure 4.25(a) for (a) O, (b) N, (c) Al and (d) Mg. The 
nitride layer is clearly shown between the oxide and the Al phases. Both Mg and Al were 
present within the nitride region, with opposite distributions, 
 
 
High-resolution TEM micrographs of the mullite-based composite at the interfaces 
between the oxide and the nitride, and between the nitride and the metal, are shown 
in Figure 4.27(a) and (b), respectively. In Figure 4.27(a), the top region was oxide 
and the bottom was nitride, divided by a dashed line. Good bonding between the 
oxide and nitride layers was observed and both layers consisted of nanocrystals. In 
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the top right corner of the image, a spinel crystal can be seen. In the nitride region, 
the lattice distances and the angle between the lattices, as well as EELS analysis, 
indicated that one of the crystals was Mg3N2 (JCPDS 35-0778). Good bonding 
between AlN and Al was also observed, Figure 4.27(b).  
 
 
Figure 4.27. High resolution image of (a) the bonding between the oxide and the nitride layer, 
and (b) the bonding between AlN and Al in a mullite foam-based interpenetrating composite. 
 
According to all of the results that have been shown and discussed above, oxide 
ceramic / aluminium-magnesium composites made by the pressureless infiltration 
technique have metal-ceramic interfaces consisting of MgO and MgAl2O4 near to the 
ceramic phase, and AlN near to the metal phase. The highest concentration of Mg at 
the metal-ceramic phase was mainly attributed to MgO and MgAl2O4; Mg3N2 was 
found between the oxide layer and the AlN layer, so it is believed to have been an 
intermediate phase. The gradual reduction of Mg concentration from the metal cell 
edge to the centre was due to the greater number of intermetallic particles of Mg5Al8 
precipitated near to the interface. This might have occurred because the Al displaced 
the Mg from the Mg3N2 on the ceramic surface and the released Mg dissolved back 
into the molten metal. As the furnace was cooled once the infiltration completed, 
there was not enough time was given for the diffusion of Mg to create a 
homogeneous distribution and hence the Mg precipitated near the interface during 
cooling, whilst in the mullite foam-based composite Mg2Si would precipitate at the 
same time. 
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4.1.3.2 Study of the Formation of the Interface Structure 
Some researchers have suggested that the formation of MgO and MgAl2O4 may be 
beneficial to infiltration in terms of reducing interfacial energy, improving wettability 
and promoting interfacial bonding [40,66,116]. However, it has been found that the 
extensive interfacial reaction zone of MgO and MgAl2O4 could lead to interfacial 
debonding and result in the degradation of the mechanical properties [66,117]. In 
addition, in spite of inducing wetting and infiltration of metal into the ceramic preform, 
the excessive formation of AlN is detrimental to the full infiltration of the liquid metal 
into the ceramic foam. Therefore, it is necessary to control the formation of these 
interfacial reactions by developing a good understanding of when and how these 
reactions occur and then modifying the processing conditions. In this study, a 
systematic approach was used to investigate how the interfacial zone formed, and 
the results are shown in Table 4.3. 
 
Table 4.3. Effects of various combinations of Al, Mg, Ar and N2 on the ceramic foams. 
Metal Atmosphere at 915°C Effects on ceramic foam 
Al Ar Not infiltrated, foam surface did not change. 
Al N2 Not infiltrated, foam surface did not change. 
Al-10Mg Ar Not infiltrated, fine oxide crystals formed on 
foams, Figure 4.28. 
Mg-9Al N2 Not infiltrated due to no contact, greenish-yellow 
powder formed on foams, Figure 4.29. 
 
As indicated in Table 4.3, the pure Al did not infiltrate the ceramic foams either in an 
Ar or N2 atmosphere; with the addition of Mg, fine crystals were formed on the 
surface of all three kinds of ceramic foams in the Ar atmosphere, Figure 4.28, which 
were MgO and MgAl2O4. It is believed that the formation of these crystals might have 
had different mechanisms for the different ceramic foams. For the spinel foam, their 
formation could only be due to the reaction of the Mg and Al vapour with residual 
oxygen, whilst the crystals on the mullite foam could be caused by the same 
mechanism and by reactions in equations (4.2) and (4.3). The alumina foam may 
have reacted with the Mg vapour with the possible reaction [58]: 
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                                                                                                    (4.6) 
 
 
 
Figure 4.28. SEM secondary electron micrographs of (a) alumina foam, (b) spinel foam and 
(c) mullite foam heated with Al-10Mg alloy in pure Ar gas for 10 minutes. 
 
Ceramic foams that were heated with Mg-9Al alloy in N2 were observed to have a 
greenish-yellow powder coating, which appeared as spherical particles in Figure 
4.29, and has been identified by XRD as Mg3N2 [6]. This is in good agreement with 
the observation of previous authors who report the formation of spherical Mg3N2 
particles on the surface of alumina under similar conditions [66]. From Figure 4.29, it 
is also seen that the Mg3N2 crystals that formed on spinel were much finer and 
denser, almost covering the whole foam surface, compared with the crystals on the 
alumina foam. In addition, there were some MgO and MgAl2O4 fibres formed on the 
spinel foam struts with a coating of Mg3N2. Interestingly, it was observed that the 
Mg3N2 particles were very much dominated by 50-100 nm diameter fibres on the 
mullite foam, Figure 4.29(c). The latter were identified by TEM-EDS and their 
diffraction patterns as amorphous MgO fibres. These were not found in the mullite 
foam-based composites, probably due to the larger amount of Mg involved in this 
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experiment than in those designed to yield foam infiltration. The sources of the 
oxygen can be the residual oxygen gas trapped in the porous ceramic foam, or the 
SiO2 pre-existing in the foam struts. The fibres were also only formed when the 
mullite foam was heated with the presence of both Mg and N2, suggesting that the N2 
may function as a catalyst. 
 
 
Figure 4.29. SEM secondary electron micrographs of (a) alumina foam, (b) spinel foam and 
(c) mullite foam heated with AZ 81 Mg master alloy in pure N2 at 915°C for 30 minutes. 
 
Figure 4.30 shows the oxide ceramic foams after metal removal from the IPCs by 
electrochemical dissolution etching. Many fibres, columnar crystals and near-
spherical particles were seen on the surfaces, very different from the oxide crystals, 
Figure 4.28, or spherical Mg3N2 features, Figure 4.29. According to the TEM analysis, 
the crystals in Figure 4.30 (a-c) were AlN. XRD analysis, Figure 4.31, also confirmed 
them as AlN. The combination of different morphologies of AlN crystals has also 
been observed by others [118], who produced AlN after heating an Al (Mg, Si) alloy 
in N2. The near-spherical particles of AlN were likely to be formed by the 
displacement reaction of Mg3N2 and Al as the Mg3N2 was also observed with a 
spherical shape, Figure 4.29. The fibres and columnar AlN crystals could have 
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resulted from continuous growth after the formation of the first AlN crystals, either 
from the reaction of Mg3N2 and Al, or direct nitridation of Al. 
 
Figure 4.30. SEM secondary electron micrographs of composites made from (a) alumina 
foam, (b) spinel foam and (c) mullite foam after metal removal via electrochemical 
dissolution.  
 
 
Figure 4.31. XRD analysis of mullite foam-based composite after metal removal. 
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4.1.3.3 Wetting of Al and Al-Mg Alloy on Ceramics 
Based on the results that have been presented and discussed above, four reaction 
products are generated and form the metal-ceramic interface during the pressureless 
infiltration process for the fabrication of oxide ceramic / aluminium-magnesium 
composites, these are MgAl2O4, MgO, Mg3N2 and AlN. Lee et al. [66] found the 
formation of Mg3N2 during the spontaneous infiltration process in an Al / Al2O3 
system and they stated that the Mg3N2 enhanced the wetting between the molten 
alloy and the ceramic. Some researchers [42,43] argued that it was AlN that 
improved the wettability and facilitated the spontaneous infiltration. It has also been 
suggested that the formation of MgAl2O4 may be beneficial to infiltration in terms of 
reducing interfacial energy, improving wettability and promoting interfacial bonding 
[17,40,66]. To clarify which reaction product(s) finally improved the wettability, a 
series of sessile drop tests were conducted, and the results are shown in Table 4.4. 
  
Table 4.4. Contact angles of Al and Al-10Mg on ceramic dense substrates heated at 915°C 
for 30 minutes (± 3°).  
Materials Atmosphere Alumina Spinel Mullite 
Pure Al 
Ar 134°  128° 135° 
N2 133° 124° 128° 
Al-10Mg 
Ar 129° 121° 129° 
N2 116°  115° 117° 
Pure Al on 
Mg3N2 coated 
ceramic plates 
Ar 118° 102° 114° 
N2 27° 26° 28° 
Al-10Mg on 
Mg3N2 coated 
ceramic plates 
N2 Spreading Spreading Spreading 
 
From Table 4.4, as expected, contacts angles of pure Al on all of the oxide ceramic 
substrates at 915°C were larger than 90° indicating non-wetting; the presence of the 
N2 also did not show a significant influence on the wettability. Although the contact 
angles were slightly decreased with the addition of Mg into Al, they were still greater 
than 90°. When the ceramic substrates were coated with Mg3N2, observed as 
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greenish-yellow powders, the contact angles of pure Al on the substrates in Ar were 
larger than 90°, but in N2 the contact angles dramatically decreased to less than 30°. 
Figure 4.32 shows, in detail, the change of the contact angle of Al on the Mg3N2 
coated substrate when the N2 was introduced. In the case of Al-10Mg alloy on the 
Mg3N2 coated substrates, the liquid metal drop suddenly spread all over the 
substrate surface after the N2 was applied for several minutes. 
 
 
Figure 4.32. Wetting behaviour of Al on Mg3N2 coated Al2O3 substrate at 915°C in N2 for (a) 
0 min, (b) 1 min, (c) 2 min, (d) 3 min and (e) 5 min.  
 
As discussed earlier, the Mg3N2 could react with molten Al to form AlN. It has been 
reported that the contact angle of Al on AlN could be reduced to ~40° at ~900°C in 
vacuum [119]. Therefore, the different contact angles of Al on Mg3N2 coated 
substrates in Ar and N2, respectively, could be due to the transition of Mg3N2 into AlN, 
which is difficult without N2, and the fact that Al does not wet the Mg3N2. When the 
N2 was introduced, the wetting angle of pure aluminium gradually decreased from 
~120° to ~30°, suggesting a reactive wetting process; it is believed that the Mg3N2 
reacted with the front of the metal drop and formed AlN, enabling the metal to move 
into the AlN and continue the reaction with the Mg3N2. The spreading of the Al-10Mg 
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alloy on the substrate suggested a lower surface tension of the Al-10Mg alloy than 
the pure Al as the Mg performed as a strong surfactant. Note that whilst the contact 
angles of Al-10Mg on the ceramic substrates in N2 were larger than 90°, the ceramic 
foams could be infiltrated by the Al-10Mg in N2. This could be explained by the foam 
being porous, allowing the Mg3N2 to deposit everywhere on the foam struts; whilst in 
the sessile drop test, the Mg3N2 could not coat the area where the metal and the 
substrate were in contact, but only the area around the metal, and, in this situation, 
the reaction could not occur to form AlN. 
 
Based on the results, it appears to be the aluminium nitride rather than the spinel or 
magnesium nitride that directly improves the wetting. The magnesium nitride aids the 
spontaneous infiltration via promoting the formation of an AlN coating on the ceramic 
foam surface. The spinel may assist the infiltration by an additional mechanism 
where the Mg3N2 deposits faster onto the spinel than alumina, Figure 4.29, resulting 
in a higher infiltration rate and hence shorter processing time. 
 
4.1.3.4 Shear Strength of Metal-Ceramic Bonding 
The shear test result is given in Figure 4.33 as shear stress versus shear length 
measured on the pure aluminium / Mg3N2 coated alumina sessile drop sample. A 
metallic material-like behaviour was seen in the curve, yielding at ~0.5 mm shear 
length followed by plastic deformation with a strength up to ~90 MPa. The sample fell 
apart at ~2 mm shear length. SEM micrographs of the fracture surface on the 
alumina substrate are shown in Figure 4.34. The shear direction is indicated in 
Figure 4.34(a).The residual metal phase was observed on the alumina substrate, 
Figure 4.34(a), explaining the shear stress exhibiting a metallic behaviour. The 
fracture of ceramic beneath the bonding layer on the substrate was also observed, 
Figure 4.34(b), probably due to the residual thermal stress resulted from the CTE 
mismatch between the two phases. 
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Figure 4.33. Shear stress of pure aluminium on Mg3N2 coated alumina substrate as a 
function of shear length. 
 
 
Figure 4.34. SEM secondary electron micrographs of the fracture surface on the alumina 
substrates after shear test. 
 
Ksiazek et al. [73] measured the shear strength of the bond between the pure 
aluminium and alumina without an intermediate layer using the same method. They 
reported that the shear strength of the sessile drop sample produced at 950°C 
(contact angle ~80°) was ~46 MPa, and the shear strength of extruded rod of pure 
aluminium was less than 40 MPa. Hence it is suggested that though the fracture 
surface revealed a metal phase, the measured shear stress value corresponded to 
the interfacial strength. Ksiazek et al. [73] also indicated that the bond strength 
increased with decreased contact angle due to increased temperatures. The shear 
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stress measured in this study was greater than the direct bond strength between 
pure aluminium and alumina, suggesting an improved wetting and hence stronger 
bonding due to the presence of the nitride. 
 
4.1.3.5 Understanding of Different Infiltration Rates Yielded by Different Material 
Systems 
As shown in Figure 4.11, the spinel system yielded the fastest infiltration rate of the 
three ceramic materials at the same temperature, being ~2-3 times the infiltration 
rate of mullite in the range 870-910°C and ~3-5 times than for alumina. Since the 
physical driving forces will be the same, which is capillary action, at first it was 
believed that the variation of infiltration rates of different material systems were 
related to different wetting angles between the metal and the different oxide 
ceramics. However, TEM analysis has shown that the metal-ceramic interfaces of 
the different composites are fundamentally similar and that it is AlN that makes direct 
contact and bonds with the metal. In addition, the wetting test, presented in Section 
4.1.3.3, showed that the wetting angles between the metal and the three ceramic 
foams, viz. alumina, spinel and mullite, were similar, and it was the AlN that 
improved the wetting. 
 
In general, the increased infiltration rate for all of the ceramic foams with increasing 
temperature could be due to a combination of the decreased contact angle of the 
molten metal with the AlN with increasing temperature, the decreased viscosity and 
increased flow rate of the molten metal and the faster formation of AlN with 
increasing temperature. In terms of the different infiltration rates for the three ceramic 
foams, this is almost certainly due to the differing interactions between the ceramics 
and the aluminium, magnesium and nitrogen. Comparing Figure 4.29(a) and (b), for 
example, the spinel foam formed a denser and finer Mg3N2 coating than the alumina 
after being heated with magnesium vapour in a nitrogen atmosphere. This suggests 
that the Mg3N2 has a faster deposition rate onto the spinel than onto the alumina, 
probably due to the higher affinity between the Mg3N2 and spinel as they both have a 
cubic crystal structure and can form a coherent boundary. In contrast, the alumina 
foam surface revealed Mg3N2 deposition with larger and fewer Mg3N2 particles, 
probably because the Mg3N2 preferred to nucleate on the fine spinel crystals that 
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formed on the alumina foam surface, Figure 4.28(a), and then grew larger rather 
than nucleating further. Consequently, the infiltration of molten aluminium into the 
spinel could occur more easily. The infiltration rate into the mullite foam was also 
faster than into the alumina, though slower than into the spinel foam. This could have 
been because the mullite foam was coated with a denser layer of MgO and MgAl2O4 
than the alumina, Figure 4.28(a) and (c)), so the deposition of Mg3N2 onto the mullite 
foam surface was faster.  
 
4.1.4 Infiltration Dynamics and Kinetics 
 
4.1.4.1 Infiltration Dynamics 
The alloy was drawn into the ceramic foams under capillary pressure as a result of 
good wetting achieved between the molten alloy and the ceramic via the formation of 
AlN. In the case that the metal was placed on top of the ceramic foam, leading to a 
downward infiltration, the driving force was the capillary pressure plus the effect of 
gravity on the metal, and it can be written as: 
 
    
          
 
 ρ                                               (4.7) 
 
where the ρ is the density of the metal, and the    is the height of the metal. 
When the metal was placed beneath the ceramic foam, resulting in an upward 
infiltration, the driving force can be written as: 
 
    
          
 
 ρ                                               (4.8) 
 
From the dynamic point of view, the downward infiltration is more favoured than the 
upward infiltration. However, placing the ceramic foam on top of the alloy might have 
been beneficial to the infiltration process by breaking the passivating Al2O3 layer on 
the molten alloy surface which always existed due to the nature of the aluminium. In 
this research, the downward infiltration and the upward infiltration were 
approximately equally successful, suggesting that the capillary action resulted from 
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the good wetting between the molten alloy and the ceramic dominated the infiltration, 
and the effect of the gravity may be ignored.  
 
4.1.4.2 Infiltration Kinetics 
Since both the downward and upward infiltrations were successful and a difference 
between the infiltration rates of the two kinds of processes was not observed, the 
influence of gravity on the infiltration could be ignored, and the infiltration rate may 
be theoretically represented based on Equation (2.1), (2.15)-(2.17), (4.7) and (4.8) 
as:  
 
  
 
 
 
   
 
 
 
   
 γ     θ
  
  /                                         (4.9) 
 
According to this equation, the infiltration rate can be increased with improved 
permeability of the ceramic foam (r), better wetting between the metal and the 
ceramic phases, and decreased viscosity of the liquid metal. However, this equation 
is based on the assumption that the ceramic foam has been coated with a layer 
which wets the molten metal. In fact, the pressureless infiltration involves a reactive 
wetting process; hence the infiltration process can also be influenced by the rates of 
deposition and formation of the nitrides in terms of incubation time and the 
continuous infiltration after the initiation. In addition, the wetting angle measured by 
the sessile drop test, Section 4.1.3.3, was not very precise due to the non-ideal 
experimental conditions, so the results can only be used to show the improvement of 
wetting. Moreover, the lack of the data of the surface tension of Al-10Mg alloy in N2 
and the viscosity of the liquid metal at the desired temperature also made the 
comparison of the actual infiltration rate with the theoretical one difficult. 
 
4.1.5 Summary 
 
In summary, it is suggested that the infiltration process of aluminium-magnesium into 
oxide ceramic preforms can be separated into 5 stages:  
 
115 
 
1. Reaction of magnesium vapour and a minor amount of aluminium vapour with 
the oxide ceramic surface and residual oxygen trapped in the foam, forming 
magnesium oxide and spinel on the ceramic surfaces; 
2. Nucleation and coating of magnesium nitride on the surface of the ceramic 
preforms and the surface of the reaction products, in the form of particles and 
fibres resulting from stage 1, when enough nitrogen gas is introduced into the 
furnace; 
3. Reaction of aluminium at the front of the liquid alloy with magnesium nitride 
once they contact, forming aluminium nitride and releasing magnesium into 
the liquid metal and the atmosphere; 
4. Infiltration of the molten aluminium alloy into the porous ceramic preform by 
capillary action because of the good wettability of aluminium nitride with 
aluminium alloy; 
5. Precipitation of intermetallic compounds, i.e. Mg5Al8 and Mg2Si, during cooling. 
 
The role of magnesium in the infiltration process can be summarised as: 
 
1. Reducing the surface tension of the liquid metal as a strong surfactant; 
2. Reacting with the residual oxygen in the furnace atmosphere by vapour phase 
reaction to make the infiltration front free of passivating oxide layer; 
3. Reducing the solid/liquid interfacial energy by inducing chemical reactions at 
the interface, especially the formation of aluminium nitride.  
 
The presence of N2 is also crucial for the infiltration process as the reactant gas to 
form the aluminium nitride, which finally induces the spontaneous infiltration and 
forms a very good bond with the metal. In addition, the N2 can also function as a 
surfactant. Saravanan et al. [42] reported that when the temperature was higher than 
850°C, the surface tension of Al in N2 can be decreased much more than in Ar with 
increasing temperature.  
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4.2 Processing of Silicon Carbide / Aluminium IPCs   
 
This section presents the results of pressureless infiltration of molten Al-Mg alloy and 
Al-Si alloy into SiC foams. The microstructures of the Al-Mg / SiC IPC and Al-Si / SiC 
IPCs are characterised and compared. The underpinning mechanism is also 
discussed based on the microstructure characterisation. 
 
4.2.1 Characterisation of SiC Foam 
An SEM micrograph of a SiC foam is shown in Figure 4.35. This foam had the typical 
structure produced using the gel casting technique similar to the oxide ceramic 
foams, Figure 4.1, with open spherical cells that are connected by circular windows, 
providing paths for molten metal to infiltrate throughout the whole structure. The 
microstructure was fundamentally the same in three dimensions, thus 
macroscopically isotropic properties were anticipated in the final composites. It can 
be seen in Figure 4.35(b) that the foam struts were not fully dense with some glassy 
phases on the surface. 
 
 
Figure 4.35. SEM secondary electron micrographs of (a) the as-received SiC foam and (b) 
its foam struts. 
 
In Figure 4.36, the SEM micrographs of the cross section of the foam struts, a SiO2 
layer measuring ~200 nm thick was observed on the surface of the SiC particles due 
to the oxidation that occurred during foam sintering. Some Al2O3 particles were seen 
around the SiC particles bonding them together, indicated by arrows in Figure 
4.36(a). 
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The XRD analysis of the as-received SiC foam is given in Figure 4.37. It is seen that 
the SiC had a 6H-SiC crystalline form (JCPDS 29-1131). A high content of SiO2 in 
the form of α-cristobalite (JCPDS 39-1425) was detected. A minor amount of α-
alumina (JCPDS 10-0173) was also included in the foam struts as a sintering agent. 
 
 
Figure 4.36. SEM secondary electron micrographs of the cross section of the SiC foam 
struts sliced by DBFIB. 
 
Figure 4.37. XRD analysis of the as-received SiC foam. 
 
4.2.2 Results of Pressureless Infiltration Experiments 
The results of pressureless infiltration experiments carried out for SiC foams under 
different conditions are summarised in Table 4.5. It can be seen that the SiC foam 
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was only infiltrated by the Al-10Mg alloy when a N2 atmosphere was used, or by the 
Al-Si alloy when the Mg alloy and N2 were both present during the infiltration. 
 
Table 4.5. Results of infiltration experiments of SiC foam in different conditions. 
Metal Atmosphere at 915°C Infiltration results 
Al Ar Not infiltrated 
Al N2 Not infiltrated 
Al-10Mg Ar Not infiltrated 
Al-10Mg N2 Completely infiltrated 
LM6 Ar Not infiltrated 
LM6 N2 Not infiltrated 
AZ81, LM6 Ar Not infiltrated 
AZ81, LM6 N2 Completely infiltrated 
 
4.2.3 SiC / Al-Mg Interpenetrating Composites 
SEM electron micrographs of SiC / Al-Mg IPC processed using a N2 atmosphere 
during the time at 915°C are shown in Figure 4.38. In Figure 4.38(a), the metal 
phase appears bright and the darker phase is ceramic. It can be seen that the 
ceramic foam was completely infiltrated. Few pores or voids were observed in the 
composite. At higher magnification, Figure 4.38(b), a bulk second phase was 
observed in the composite; it is likely to be Mg2Si based on EDS analysis. This 
phase was very brittle and easily pulled out when the sample was being polished, 
scratching the soft metal phase. In Figure 4.38(b), another phase was seen in the 
form of small, dark particles, as indicated by arrows in the metal phase, and EDS 
analysis showed it was rich in C and Al.  
 
The XRD analysis of the bulk sample is given in Figure 4.39. Compared to the as-
received SiC foam, Figure 4.37, the SiC (JCPDS 29-1131) and Al2O3 (JCPDS 10-
0173) still existed with a reduced ratio of SiC to Al2O3, suggesting degradation of the 
SiC. Additionally, the peak of SiO2 vanished in the XRD pattern of the composite, 
which means the SiO2 had reacted with the metal (the temperature would be too low 
for it to react with the ceramic). Moreover, peaks of other phases, i.e. MgAl2O4 
(JCPDS 21-1152), Mg2Si (JCPDS 1-1192) and Al4C3 (JCPDS 35-0799), were 
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identified in Figure 4.39. They resulted from the reactions between the metal and the 
ceramic foam. The Al4C3 phase was probably the small, dark particles observed in 
Figure 4.38(b), which were rich in Al and C according to EDS analysis. 
 
Figure 4.38. SEM secondary electron micrographs of SiC / Al-Mg IPC at (a) low and (b) high 
magnifications. 
 
 
Figure 4.39. XRD analysis of SiC / Al-10Mg composite made from 15% dense SiC foams. 
 
Figure 4.40 shows an SEM electron micrograph with EDS maps for the SiC / Al-Mg 
IPC. The aluminium concentration was highest within the metal phase as expected, 
however it reached a minimum level in regions where both the magnesium and 
silicon concentrations were the highest, suggesting the presence of a Mg2Si phase 
as indicated in Figure 4.40(a). In the ceramic struts, all of the elements Al, Mg and Si 
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were present, as well as O. To identify the compounds within the Al-Mg-Si-O rich 
region, particularly at the interfaces, thin foil samples were taken from the IPCs at 
the metal-ceramic interfaces using Dual Beam Focused Ion Beam (DBFIB). 
 
 
Figure 4.40. (a) SEM secondary electron micrograph of SiC/Al-Mg IPC, with EDS maps for 
(b) Al, (c) Mg, (d) Si and (e) O, showing considerable amount of Mg2Si formed in the 
composite. 
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Figure 4.41. (a) STEM/HAADF image of a thin foil sample lifted out from the metal-ceramic 
interface of SiC / Al-Mg IPC, with EDS maps of (b) Al, (c) Mg, (d) Si, (e) O. Not many SiC 
was seen. Al2O3 and fine MgAl2O4 particles were observed around the SiC particles. A thin 
layer of Mg2Si formed along the interface. 
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An STEM/HAADF micrograph with EDS maps for the metal-ceramic interface of a 
SiC / Al-Mg IPC is shown in Figure 4.41. No porosity was observed, indicating 
excellent interfacial bonding. The Al was seen around the ceramic phase, Figure 
4.41(b). Within the ceramic phase, the highest Si concentration showed the locations 
of the SiC particles, as indicated by arrows in Figure 4.41(d). Regions with high Al 
and O concentrations are likely to be Al2O3, e.g. points A and B labelled in Figure 
4.41(a). It appears that the alumina phase protected the SiC particle from the Al 
where they were directly bonded. The rest of the area within the ceramic phase 
consisted of fine crystals that were Mg-Al-O rich; according to the diffraction pattern, 
it was a combination of nano-sized MgO and MgAl2O4, Figure 4.42.  
 
 
Figure 4.42. (a) Bright field TEM micrograph of fine particles in the Mg- and O- rich area in 
Figure 4.41, and (b) its diffraction pattern. 
 
Mg2Si was also observed in the TEM sample, e.g. the bottom left corner in Figure 
4.41. Its diffraction pattern is shown in Figure 4.43. Moreover, it is interesting that a 
thin continuous layer of Mg2Si was observed along the metal-ceramic interface. 
Figure 4.44(a) provides an SEM electron micrograph of the SiC foam extracted from 
the SiC / Al-Mg IPC using electrochemical dissolution. It shows a large amount of 
Mg2Si formed in the composite. Figure 4.44(b) reveals that the Mg2Si phase was 
continuously formed on the foam surface and grew into the cell. 
 
Based on the results, it can be summarised that the reaction products in the SiC / Al-
Mg IPC made by pressureless infiltration contain MgO, Al2O3, MgAl2O4, Al4C3 and 
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Mg2Si. The oxide reaction products resulted from the reactions between the SiO2 
layer with the reactive metals, reactions (4.1)-(4.3). 
 
 
Figure 4.43. (a) Bright field TEM micrograph of Mg2Si at the interface of SiC / Al-Mg IPC and 
(b) its diffraction pattern. 
 
 
Figure 4.44. SEM secondary electron micrographs of SiC foam extracted from SiC / Al-Mg 
IPC at (a) low and (b) high magnifications. Large amount of Mg2Si was exposed. 
 
Lee et al. [120] produced SiC / Al-Mg composite using squeeze casting and they 
reported that the SiO2 layer formed on the SiC surface could protect the latter from 
attack by Al, i.e.: 
 
                                                                                                          (4.10) 
 
by forming a dense coating of the Si and oxide crystals. However, Al4C3 was still 
observed within the SiC / Al-Mg IPC in this study, probably because the processing 
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temperature required for the pressureless infiltration, ~900°C, was higher than that 
for the squeeze casting; ~700°C [120]. It has been found that the higher the 
temperature, the stronger the tendency to form Al4C3 [121]. Though Si was released 
from the reactions 4.1-4.3, it was dissolved into the molten Al-Mg alloy and reacted 
with the Mg to form Mg2Si, so that the efficiency of Si to suppress the formation of 
Al4C3 was greatly reduced, hence considerable amounts of Al4C3 formed as Figures 
4.38 and 4.39 show.  
 
In Section 4.1 the pressureless / spontaneous infiltration of molten Al into oxide 
ceramic foam, e.g. alumina, spinel and mullite, was attributed to the coating of AlN 
on the ceramic surface, which improved the wettability between the molten Al and 
the solid ceramic phase. In the SiC / Al-Mg IPC, a continuous layer of Mg2Si was 
observed instead of AlN, suggesting a different infiltration mechanism. It is possible 
that the Si released from reactions 4.1-4.3 and / or 4.9 covered the ceramic phase 
and enhanced the wettability. Pech-Canul et al. [48] found that Si present on a SiC 
surface has a very significant positive effect on the wetting of SiC by Al alloys. In 
addition, from the point view of thermodynamics, the Mg vapour could react with the 
released Si on the foam surface to form Mg2Si, which also wets with the molten Al-
Mg alloy [122]. The infiltration probably occurred in the N2 atmosphere rather than in 
an Ar atmosphere because the N2 could reduce the surface tension of the Al alloy 
[42]. The roles of Mg in the infiltration are therefore believed to be: (1) to reduce the 
surface tension and enhance the wetting behaviour of the Al as an alloy addition, 
and (2) to promote the release of Si and consequently initiate the infiltration.  
 
Therefore, the pressureless infiltration process for the SiC / Al-Mg system is 
proposed to have three stages: 
 
1. Reaction of magnesium vapour and a minor amount of aluminium vapour with 
the silica layer on the silicon carbide surface, forming magnesium oxide, 
spinel and alumina in the ceramic foam struts and releasing free silicon which 
then either covered the ceramic phase and/or reacted with Mg2Si; 
2. Spontaneous infiltration of the molten Al-Mg alloy into the porous ceramic 
preform initiated by capillary action where the ceramic was coated with Si 
because of the good wettability of the Si with the Al alloy; 
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3. Once in contact, reaction of aluminium with silicon carbide to form Al4C3 and 
release more Si to promote the continuation of the infiltration and formation of 
Mg2Si. The alumina bonding phase may have protected the SiC from Al as a 
barrier where they were directly bonded. 
 
However, the Al4C3 and Mg2Si have detrimental effects on the mechanical properties 
of the composites. Al4C3 is known to be very brittle and unstable with a hydrophilic 
nature and can form Al(OH)3 even when exposed to the atmosphere at ambient 
temperature, resulting in a degradation in the properties [123]: 
 
                                                                                                (4.11) 
 
Some methods have been developed to avoid the formation of Al4C3, including: 
 
(1) Adding Si into the aluminium metal [48],  
(2) Coating of SiC with Si [124],  
(3) Passive oxidation of SiC [120] or  
(4) Incorporation of SiO2 powders into SiC preforms [123].  
 
Considering each of these in turn, adding Si into the Al can provide for the 
thermodynamic equilibrium between the phases involved in the reaction of equation 
(1), thus annihilating the driving force for the formation of Al4C3. The critical Si 
content depends on the processing temperature [125,126]. A pre-coating of Si on 
SiC may not only protect the SiC from the attack by Al but also improve the wetting 
between Al and the SiC preform, however, it makes the processing route more 
complex and costly [124]. The passive oxidation of the SiC introduces a SiO2 coating 
on the surface. This coating, or incorporation of SiO2 powders in the SiC preforms, 
can promote formation of other phases such as MgO and MgAl2O4 [120,123]. It was 
suggested [120,123] that these phases may induce a strong bond between the metal 
and the ceramic phases and protect the SiC. In addition, free Si can be released 
from the reaction of SiO2 with the active metals, impeding formation of Al4C3. 
However, the results in this study showed that this method did not work during the 
pressureless infiltration process. 
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Since the SiO2 is always present in greater or smaller amounts on the surface of SiC, 
the interfacial reactions for the SiC / Al system are complex. Variables are [70]: 
 
 The composition of the metal 
 The nature of the surface of the SiC 
 The fabrication technique 
 The thermal treatment applied to the composite 
 
Both the literature [123] and the results of this study, Table 4.5, have shown that to 
induce the spontaneous infiltration of liquid Al into the SiC preform, both Mg and N2 
must be present to enhance the wetting behaviour of liquid metal with the ceramic 
phase. However, the addition of Mg favours the formation of Al4C3 as the formation 
of Mg2Si decreases the Si activity [29]. Therefore, as well as Mg, Si has been added 
into the Al and the optimum composition of the metal has been claimed as Al-10Mg-
12Si for pressureless infiltration of SiC / Al alloy composites [37,48,123]. With the 
“optimum” composition of the Al alloy, the formation of Al4C3 can be suppressed, but 
a considerable amount of Mg2Si forms [123,125,127].  
 
Mg2Si is very brittle with a low fracture strength at ambient temperature, i.e. below 
100 MPa [128]. It has deleterious effects on the mechanical properties of the 
composites as it embrittles them and reduces their strength. When it is present at the 
metal-ceramic interface, cracking easily occurs [29,70]. It can be seen in Figure 
4.44(b) that lots of cracks formed in the Mg2Si phase. Hence either the Al4C3 or the 
Mg2Si has to be minimised or eliminated to improve the performance of the 
composites. The Al-10Mg-12Si alloy was not used in this study due to its propensity 
to induce the formation of considerable amounts of Mg2Si, which is undesirable as 
indicated above. 
 
4.2.4 SiC / Al-Si Interpenetrating Composites 
An SEM electron micrograph with EDS maps of a SiC / Al-Si interpenetrating 
composite produced using the pressureless infiltration technique performed in 
conjunction with Mg vapour deposition in N2 are shown in Figure 4.45. According to 
the EDS maps, Figure 4.45(b)-(e), the brightest phase in Figure 4.45(a) is primary Si, 
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the grey phase is Al and the darkest phase is the ceramic struts. It can be seen that 
the ceramic foam was completely infiltrated; good bonding was formed between the 
metal and the ceramic phases. Although neither the Mg2Si nor the Al4C3 phase were 
observed in the composite, Mg and O, as well as Al and Si, were rich within the 
ceramic phase. Because of the low spatial resolution of the EDS on the SEM, it was 
not possible to identify the composition of the phases in the form of fine particles in 
the ceramic struts. 
 
Figure 4.45. (a) SEM secondary electron micrograph of SiC / Al-Si IPC with EDS maps of (b) 
Al, (c) Si, (d) Mg and (e) O. Primary Si was observed in the metal phase instead of Mg2Si. 
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XRD analysis of a bulk SiC / Al-Si IPC sample after rapid etching by electrochemical 
dissolution is shown in Figure 4.46. Mg2Si and Al4C3 were not detected. The SiO2 
peak again vanished compared to the as-received SiC foam, Figure 4.37, and the 
high content of SiC in the foam was maintained. In addition, minor amounts of 
MgAl2O4 were detected. 
 
 
Figure 4.46. XRD analysis of bulk SiC / Al-Si IPC sample after a short etching by 
electrochemical dissolution. 
 
More detailed microstructures of the metal-ceramic interface of the SiC / Al-Si IPC 
can be seen in the TEM micrograph, with EDS maps, in Figure 4.47. Pure Si 
(JCPDS 27-1402) was observed around the ceramic phase, isolating the Al and the 
ceramic phases. The selected area diffraction (SAD) pattern of the Si phase between 
the Al and the ceramic is shown in Figure 4.48. Between the Si and the SiC was a 
~200 nm thick layer which matched the thickness and position of the SiO2 layer on 
the SiC surface in the original foam. This layer was rich in Al, Mg and O, e.g. points 
A and B labelled in Figure 4.47(b), (c) and (e), and it was identified as MgAl2O4 
spinel by SAD analysis, shown in Figure 4.49. It was also noticed that some local 
positions in the layer were only rich in Al, with very low concentrations of Mg or O, 
e.g. points C and D in Figure 4.47, and this phase was identified as Al by SAD 
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analysis, Figure 4.50. In addition, a much thinner layer, about 50 nm thick, was 
observed between the Si and the layer of spinel and aluminium.  
 
Figure 4.47. (a) HAADF TEM micrograph of a thin film sample lifted out at the metal-ceramic 
interface of SiC / Al-Si IPC, with EDS maps of (b) Al, (c) Mg, (d) Si, (e) O and (f) C. Pure Si 
was observed around the ceramic phase. MgAl2O4 (points A and B) and Al (points C and D) 
were observed at the interface. 
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Figure 4.48. (a) Bright field TEM micrograph of Si which isolated Al and ceramic phases at 
the interfacial area and (b) its diffraction pattern. 
 
 
Figure 4.49. (a) Bright field TEM micrograph of spinel (MgAl2O4) particle formed on the SiC 
particle and (b) its diffraction pattern. 
 
Figure 4.51 shows the EELS maps at the interfacial region. The O concentration 
distribution, Figure 4.51(d), further confirmed that the ~200 nm thick layer near to the 
SiC consisted of oxide and non-oxide, which were spinel and aluminium respectively. 
Interestingly, it was found that the ~50 nm thick layer near to the Si was nitride, 
Figure 4.51(c). Due to the very small thickness, a diffraction pattern could not be 
obtained to identify the nitride completely.  
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Figure 4.50. (a) Bright field TEM micrograph of Al particle formed on SiC particle and (b) its 
diffraction pattern. 
 
 
Figure 4.51. (a) HAADF micrograph of interfacial area of SiC / Al-Si IPC with EELS maps of 
(b) C, (c) N and (d) O. A thin nitride layer was observed along the interface. 
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Figure 4.52. (a) Dark field TEM micrograph of interfacial area in SiC / Al-Si IPC with EELS 
line scan of (b) N, (c) O and EDS line scan of (d) Si, (e) O, (f) Al and (g) Mg. Region A is SiC. 
The major phase in region B is spinel. Region C is Al. Region D is nitride. Region E is Si. 
 
To clarify the composition of the nitride, an EELS scan, which is good at relatively 
low atomic numbers, was performed for O and N K edges. The line scan started from 
the SiC phase, across the interface and ended in the Si phase, as indicated in Figure 
4.52(a). In addition, an EDS line scan, which works better for higher atomic numbers, 
was carried out for Al, Mg, Si and O K edges in close proximity to the EELS line scan. 
The results of the two line scans are given in Figure 4.52. The Si concentration 
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dramatically decreased at ~50 nm into the scan and greatly increased at ~350 nm, 
suggesting the interfacial layer between the SiC, i.e. region A, and the Si, i.e. region 
E, was in the range of 50-350 nm. The trend of the O concentration in the EELS line 
scan, Figure 4.52(c), was consistent with the EDS line scan, Figure 4.52(e), which 
increased in region B and decreased in region C, the same as the Mg concentration, 
Figure 4.52(g). Region B was rich in Al, Mg and O, suggesting a region of MgAl2O4. 
In region C, both O and Mg concentrations decreased, whilst the Al concentration 
increased and reached its highest value, suggesting an Al region in the range of 200-
250 nm. In region D, the N concentration increased and then decreased. Besides N, 
only Al revealed a high concentration in Region D, suggesting a presence of AlN. 
Note that at the position of ~120 nm, i.e. point F in Figure 4.52(d-g), a small peak of 
Si was observed with constant Mg concentration and decreased Al and O 
concentrations, suggesting that Mg2Si phase was present there. 
 
According to the results in this section, it can be summarised that beside the Al, Si 
and SiC, the SiC / Al-Si IPC made by the modified pressureless infiltration consisted 
of MgAl2O4 and AlN; small amounts of Mg2Si and Al4C3 were also detected in the 
composite. The SiO2 layer in the original foam was replaced by the spinel through 
the reaction of the Mg and Al vapour with the SiO2, Equation 4.3. The LM6 used as 
the raw material to produce the composition had a eutectic composition, whilst the 
metal phase in the final composite revealed coarse, angular primary silicon particles. 
This is because the reactions of Mg and Al with SiO2 released Si, increasing the ratio 
of the Si in the Al-Si alloy and resulting in a hypereutectic alloy.  The Al and some of 
the MgAl2O4 between the SiC and the AlN thin layer resulted from the reaction 
between the Mg vapour and the Al2O3, which had been added into the SiC to aid the 
sintering of the foam:  
 
                                                                                                  (4.12)  
 
The formation of the spinel phase was also observed by other researchers when 
producing SiC/Al composites involving Mg, and it is suggested that the formation of 
the spinel with controlled thickness could enhance the interfacial bonding 
[29,37,120,121,123,125,126]. 
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The AlN formed when the N2 was introduced into the furnace atmosphere. As 
discussed in Section 4.1, the formation of the AlN is suggested as two-stage 
reactions, which are: 
 
                                                                                                            (4.13) 
Δ                 
   
 
                                                                                                    (4.14) 
Δ                 
   
 
Then the recycled Mg could evaporate again into the furnace atmosphere, or 
dissolve into the molten metal forming Mg2Si. Rodríguez-Reyes et al. [123] used Al-
10Mg-12Si alloy to produce Al/SiC composite by the pressureless infiltration method; 
they observed not only MgAl2O4 and AlN at the interface, but also considerable 
amounts of Mg2Si in their composite. 
 
It has been well demonstrated that the AlN yields a good wettability with liquid Al, 
thus it is assumed that the AlN is beneficial to this modified pressureless infiltration 
process and consequently the interfacial bonding. Whilst the AlN was observed to 
not cover all the ceramic phase, Figure 4.51(c) and (d), and since the Al exhibits a 
poor wetting with either SiC or the oxide formed on its surface, e.g. MgAl2O4, even 
when alloyed with Si [48], it is assumed that the Si that was released from the 
reaction between the SiO2 and the metal vapour contributed, together with the AlN, 
to the enhancement of the wetting of the Al alloy with the ceramic struts and induced 
the spontaneous infiltration. 
 
The modified pressureless infiltration process for the SiC / Al-Si system can be 
separated into four stages: 
 
1. Reaction of magnesium and aluminium vapour with the silica layer and 
alumina particles on the silicon carbide surface, forming spinel, aluminium and 
silicon; 
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2. Formation of AlN on the ceramic foam surface when the nitrogen was 
introduced into the furnace atmosphere; 
3. Spontaneous infiltration of the molten Al-Si alloy into the porous ceramic 
preform initiated by capillary action where the ceramic was coated with Si and 
AlN due to improved wetting; 
4. Solidification of Al-Si alloy during cooling; the silicon phase forms and grows 
in angular primary particles. 
 
The Mg functioned in three ways in the modified infiltration process: (1) reaction with 
SiO2 and Al to form MgAl2O4 and release Si, (2) catalyst of the reaction to form AlN, 
which improved the wetting and induced the spontaneous infiltration together with 
the released Si, and (3) cleavage to the residual O2 in the furnace atmosphere, 
which is deleterious to the infiltration. The presence of N2 is also crucial for the 
infiltration process in the formation of AlN.  
 
Chang [6] produced Al2O3 foam based IPCs with pure Al and Al-Si alloy using a two-
stage pressureless infiltration method. In that process, the foam was first placed in 
the furnace with a piece of AZ81 Mg alloy in N2 for 30 minutes to form a Mg3N2 
coating and then cooled to ambient temperature. Then a piece of pure Al or Al-Si 
alloy was loaded on the top of the coated foam for infiltration yielding successful 
production of the composites. However, a thick layer of AlN, measuring ~10 µm, was 
formed at the interface; whilst a much thinner AlN layer, ~50-100 nm, was observed 
in composites produced using the in-situ coating-infiltration process. In addition, the 
thickness of the AlN layer formed in the former process route varied depending on 
the N2 gas flow direction, whilst in the latter case, the infiltration was initiated once 
the dense AlN coating formed, hence a homogeneous thickness of the AlN was seen. 
In summary, the in-situ coating-infiltration process is more effective, with a better 
control of the interface.  
 
4.2.5 Summary 
SiC / Al-Mg interpenetrating composites have been produced using gel-cast, 
alumina-bonded SiC foam with a SiO2 layer by pressureless infiltration in a N2 
atmosphere. The SiO2 layer reacted with Al and Mg to form Si, MgO and MgAl2O4. 
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The Si has been found to improve the wetting between the liquid metal and the 
ceramic foam, inducing the infiltration. However, the Si, MgO and MgAl2O4 that form 
around the SiC could not completely protect the SiC from the reaction with Al, so that 
Al4C3 has been observed in the composite, indicating a serious degradation of the 
SiC. In addition, large amounts of Mg2Si forms in the composite and this brittle phase 
may be detrimental to the mechanical properties. 
 
In the case of SiC / Al-Si interpenetrating composites, which have been successfully 
produced by an in-situ coating-pressureless infiltration in a N2 atmosphere with Mg 
vapour, the SiO2 layer has been completely replaced by a layer consisting of 
MgAl2O4 and Al. The spontaneous infiltration is assumed to be initiated by the AlN 
and the Si. The AlN was formed from the reactions between the nitrogen and the 
metal and then coats the ceramic surface, and the Si was released from the 
reactions between the SiO2 and the metal. Little Al4C3 was observed due to the high 
content of Si in the Al alloy and only very small amounts of Mg2Si. Compared with 
the processing route which divided the coating and the infiltration into two separate 
stages, the in-situ method was observed to be more effective and the interface could 
be better controlled with a smaller thickness. 
 
4.3 Performance of IPCs 
 
4.3.1. Wear Resistance of IPCs 
 
In this section, the results of wear tests on the spinel foam-, mullite foam- and SiC 
foam-based IPCs are shown and compared with the alumina foam-based IPCs. The 
wear mechanism of IPCs from the very beginning of the wear process is studied. 
The relationships between the wear properties and the foam characteristics of the 
IPCs are investigated. Additionally, the wear performance of gel-cast foam-based 
IPCs has been compared with IPCs made from ceramic powder and fibre-packed 
preforms. 
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4.3.1.1. Wear Mechanism of Foam Reinforced Interpenetrating Composite 
Interpenetrating composites made from aluminium-magnesium alloy and 20% dense 
mullite foam with 300 µm average cell size were wear tested under 20 N load for a 
range of different distances, achieved via different numbers of cycles, and the 
resultant wear rates are shown in Table 4.6. Note that for the 0.5 m and 5 m sliding 
distances no weight loss was detected by the microbalance. From Table 4.6 it may 
be seen that the wear rate was very low at the initial stage and then increased as the 
sliding distance increased until a steady state condition was reached.   
 
Table 4.6. Wear rates of the Al(Mg) / mullite composites made from 20% dense mullite foam 
with 300 µm average cell size, after a range of sliding distances under a 20 N load, in m3/m 
(×10-12). 
Sliding cycles 10 100 1,000 2000 5,000 100,000 
Sliding distance / m 0.5 5 50 100 250 5,000 
Wear rate / m3/m (×10-12) 0 0 2.5±0.4 5.3±0.5 5.1±0.9 5.3±0.3 
 
SEM micrographs of the worn surfaces of 20% dense, 300 µm average cell size 
mullite foam reinforced Al-Mg alloy IPCs are shown in Figure 4.53 after different 
sliding distances. At the very beginning of the sliding, Figure 4.53(a), grooves were 
formed in the soft metal cells and there was a small amount of the metal that 
became smeared around the cell edge and over the ceramic struts. After further 
sliding, Figure 4.53(b), more metal became smeared and a larger area of the worn 
scar was covered by the smeared metal. In Figure 4.53(c), after 50 m sliding, the 
whole wear scar was completely covered by the smeared metal; the surface was 
smooth with localised shallow grooves. When the sliding distance increased to 100 
m, Figure 4.53(d), the grooves became deeper and the alloy covering was removed 
in some locations exposing the ceramic struts. When the sliding distance was 
increased to 250 m, Figure 4.53(e), more and more of the ceramic struts were 
revealed until, by 5,000 m of sliding distance, Figure 4.53(f), the original metal 
smearing was completely removed and the ceramic struts protruded out. Whilst 
severe grooves were formed in the metal cells, it is clear that the ceramic struts were 
taking the majority of the load.  
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This two-stage wear behaviour, “running in” and “steady state”, of reinforced Al alloy 
metal matrix composites has been reported by other researchers [108]. In the 
“running in” stage, the volume loss increased dramatically with sliding distance and 
the wear rate was higher than the “steady state” in which the volume loss increased 
linearly with increasing sliding distance. Chang [114] found similar behaviour in Al2O3 
foam reinforced Al-Mg alloy IPCs with an initial severe “abrasive” wear within 250 m 
sliding and then mild wear after much longer sliding distances, but only in 
composites with higher ceramic content (~27% Al2O3). 
 
From SEM micrographs of the worn surfaces, Figure 4.53, the 20% mullite foam 
reinforced Al alloy IPCs also showed the same two-stage transition, although in the 
current work more details have been revealed. At the very beginning, the soft metal 
phase on the surface of the composite experiences plastic deformation with obvious 
evidence of ploughing and smearing. There was no measurable materials loss 
because the metal was not directly removed by the counter ball but just smeared 
across the surface of the composite. Under the force from the counter ball, the 
smeared soft metal started to accumulate on/around the ceramic struts, which are 
much harder and could bear the load. Since a dense and brittle compact was formed 
on the top surface throughout the whole wear scar, it is likely that plastic deformation 
of the metal lead to a strengthening/work hardening of the metal. With the continual 
pressure and abrasion applied to the surface, the metal covering began to be 
chipped off the surface by brittle fracture failure, leading to significantly increased 
material loss. When it was completely removed, the ceramic struts became exposed 
and protruded from the surface, resisting the cutting and penetrating of the counter 
ball and leading to little further wear and hence a steady state situation.  
 
In Table 4.6, there is not a wear rate higher than the wear rate of final steady state 
which was 5.3×10-12 m3/m, but calculating the wear rate after 50 m till 100 m sliding: 
 
                 
                                
ρ 
 
 
it was 8.1×10-12 m3/m. Therefore it can be concluded that the initial “running in” stage 
of this Al(Mg)/20% mullite IPCs with 300 µm average cell size was very short. 
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Figure 4.53. SEM secondary electron micrographs of worn surfaces of Al(Mg)/20% mullite 
IPCs with 300 µm average cell size after (a) 0.5 m (10 cycles), (b) 5 m (100 cycles), (c) 50 m 
(1,000 cycles), (d) 100 m (2,000 cycles), (e) 250 m (5,000 cycles) and (f) 5,000 m (100,000 
cycles) sliding under 20 N. 
 
This “running in” stage can be regarded as a stage before the wear goes into the 
“steady state”, so it consists of (1) the counter ball penetrating into the metal cell, 
smearing the metal phase on and around the ceramic phase, and (2) dramatic 
material loss due to the accumulated metal chipping off. The length of the initial 
“running-in” stage for the IPC made from 20% mullite foam finished earlier than the 
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IPC made from 27% alumina foam. This was probably due to the differences of 
alumina and mullite foams in foam density, foam strut microstructure and their nature. 
The effects of these parameters on wear resistance of IPCs are presented and 
discussed in the Section 4.3.1.2.  
 
4.3.1.2. Parameters of Wear Resistance of Ceramic Foam Reinforced IPCs 
 
Foam Density 
The wear rates of Al(Mg)/mullite and Al(Mg)/spinel interpenetrating composites with 
a range of foam densities are shown in Figure 4.54. It may be observed that the 
wear rate of the IPCs increased with load, as expected. At low loads, the effect of 
foam density, different cell sizes or ceramic materials on the wear rates was not 
significant until the load increased to 20 N. The worn surfaces of the Al(Mg)/mullite 
composites made from 20%, 30% and 40% dense mullite foam with 300 µm average 
cell size after 5000 m sliding are compared in Figure 4.55. It can seen that with an 
increase in the foam density, more and stronger ceramic struts protruded out of the 
surface, providing more effective resistance to the ploughing of the counter ball and 
hence less and finer grooves were formed.  
 
The Rockwell hardness of interpenetrating composites with a range of ceramic 
content were measured, Table 4.7. The results show that the composites with higher 
ceramic content yielded higher hardness, in agreement with the wear data and 
confirming their higher load bearing capacity. 
 
Table 4.7: Rockwell G hardness of the Al(Mg)/mullite composites. 
Ceramic content 20% mullite 30% mullite 40% mullite 
Cell size / µm 100 300 500 100 300 500 100 300 500 
Rockwell G hardness 66±4 68±6 62±3 78±2 81±3 72±5 94±2 96±3 90±3 
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Figure 4.54. Variation of wear rates of interpenetrating composites after 250 m sliding 
distance as a function of load and ceramic foam density. 
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Figure 4.55. SEM secondary electron micrographs of worn surfaces of Al(Mg)/mullite 
interpenetrating composites made from (a) 20%, (b) 30%, and (c) 40% dense mullite foam 
with 300 µm average cell size after 5000 m sliding. 
 
Foam Cell Size 
The variation in the wear rates of Al(Mg)/mullite interpenetrating composites as 
functions of load and foam cell size is shown in Figure 4.56. Consistent with Chang‟s 
results [114], there was a marginal effect of foam cell size on the wear performance. 
However, a common point of the three graphs in Figure 4.56 is that, for composites 
made from the same dense ceramic foam, those with 300 µm average cell size 
performed better than those with smaller or larger cell sizes. Comparing samples 
made from 20% dense foams with 100 µm and 300 µm average cell sizes, the latter 
has thicker, hence harder and stronger, ceramic struts, so that they can protect the 
alloy from wear more effectively than the former with smaller pore size. It is 
consistent with Chang‟s [114] results that the Al(Mg) / 27% Al2O3 foam IPC with 150-
200 µm average cell size exhibited a lower wear rate than a composite based on a 
foam with a 100-150 µm average cell size. This is also similar to the results of Kök 
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[107] who found, in ceramic particle reinforced Al matrix composites, that the larger 
the ceramic particles the more wear resistant the final composites. However, with the 
same foam density, the composites with average cell sizes of 500 µm have even 
thicker and stronger ceramic struts than the former two composites, hence it should 
have yielded the best wear resistance. One possible explanation is that with an 
average cell size of 500 µm, the counter ball had a chance to penetrate deeper into 
the metal, as illustrated in Figure 4.57, resulting in more material loss from the metal 
phase. This explanation was supported by the 3D topographies of the wear scars in 
Figure 4.58, which reveal that the larger cell size resulted in a greater degree of wear. 
The relationship between cell size and wear resistance of the foam-based 
interpenetrating composites is not linear, but shows a maximum; the best wear 
property is yielded by composites with moderate cell sizes.  
 
Figure 4.56. Variation of wear rates after 250 m sliding distance as a function of load 
and ceramic foam cell size. 
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Figure 4.57. Schematic diagram of the possible wear process in the metal-ceramic 
interpenetrating composites. 
 
Figure 4.58. 3D topographies of the worn scars of the Al-10Mg/20% Al6Si2O13 
interpenetrating composites with (a) 300 µm and (b) 500 µm average cell size after 5000 m 
sliding. 
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Ceramic Materials 
The wear rates of the ceramic foam-based IPCs made from Al(Mg) alloy and a range 
of ceramic materials are given in Table 4.8. The wear rate value of the spinel-based 
composite has overlap with the alumina composite when the scatter is considered, 
indicating similar wear resistance of the two composites. It can be seen that among 
the composites made from alumina, spinel and mullite foams, the mullite-based 
composites yielded the highest wear rates. Note that the alumina and spinel foams 
only have 200 µm average cell size which, as just discussed before, is not the 
optimal, whilst data of mullite IPCs is for those which have the “optimum” 300  m 
average cell size. The wear rate of the spinel-based composite was slightly higher 
than that of the alumina composite, probably due to the more porous, weaker 
ceramic struts, Figure 4.1(b), compared with the alumina foam, Figure 4.59(b). 
Figure 4.60 shows the worn surfaces of the Al(Mg) / 27% alumina and Al(Mg) / 30% 
mullite composites with similar cell sizes after 5000 m sliding under a 20 N load. It 
can be seen that the alumina struts protruding on the surface appear to have 
suffered only localised damage at the edges of the struts and there are no grooves 
formed in them, whilst in the mullite composites, not only the metal phase but also 
the mullite struts experience ploughing with the evidence of grooves everywhere. 
This is probably a consequence of the lower hardness of the mullite IPC compared 
with the alumina IPC (Table 4.7 and 4.9); the literature [129-131] shows that the 
alumina and spinel have similar hardness, and both are harder than mullite. 
 
Table 4.8. Wear rates of the foam-based interpenetrating composites made from 
Al(Mg) alloy and different ceramic materials after 5000 m sliding distance. 
Foam density 15% 20% 27% 30% 40% 
Alumina, 160-200 µm 5.0±0.3 - 1.8±0.1 - - 
Spinel, 200 µm 6.2±0.9 3.8±1.0 - - - 
Mullite, 300 µm - 5.3±0.3 - 4.4±0.3 3.2±0.2 
SiC, 300 µm 6.5±0.8 - - - - 
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Figure 4.59. SEM secondary electron micrographs of 27% dense gel-cast alumina foam with 
200 µm average cell size. 
 
 
Figure 4.60. SEM secondary electron micrographs of worn surfaces of (a) Al(Mg)/27% Al2O3 
interpenetrating composite with 150 µm average cell size, and (b) Al(Mg)/30% mullite 
interpenetrating composite with 100 µm average cell size after 5000 m sliding.  
 
Table 4.9. Rockwell B hardness of the Al(Mg)/Al2O3 composites. 
Materials Al(Mg)/27% Al2O3 foam, 150-200 µm 
Rockwell G hardness 87±3 
 
It has been noted that the SiC foam-based IPC did not perform better than alumina 
foam-based IPC in the wear test, however it is know that normally SiC is more wear 
resistant than alumina. This is probably due to the serious degradation of the SiC 
and formation of large amount of secondary phases when processed with Al-Mg 
alloy using pressureless infiltration, as discussed in Section 4.2.3.  
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The degree of sintering of the ceramic foam is also an important factor that affects 
the wear resistance of the final IPC. Table 4.10 gives the wear rates of IPCs made 
from mullite foams sintered at different temperatures. Those two foams were 
sintered at different temperatures for the same period of time. They have the same 
bulk density which is 20 wt%. SEM examination showed that the sintering 
temperature did not have an obvious effect on foam cell size, but influenced the 
ceramic struts. It can be seen in Figure 4.61 that the foam sintered at lower 
temperature retained more pores in the foam struts compared to those sintered at 
higher temperature. As a result, the latter were more effective as reinforcement 
within the IPC during the wear process. 
 
Table 4.10. Wear rates of mullite IPCs made from 20% mullite foams sintered at different 
temperatures after 250 m and 5000 m sliding under 20 N load, in m3/m (×10-12). 
Sintering temperatures 1000°C 1200°C 
250 m 16.6±0.8 5.1±0.2 
5000 m 9.7±0.5 5.3±0.3 
 
 
 
Figure 4.61. SEM secondary electron micrographs of struts of mullite foams sintered 
at (a) 1000°C and (b) 1200°C 
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4.3.1.3. Comparison of Ceramic Foam Reinforced IPC and IPC Reinforced by Ceramic 
Powder/Fibre Packed Preform 
 
Figure 4.62(a) shows the microstructure of the 30% dense Al2O3 preform made from 
Al2O3 powder and fibres by first vacuum forming and then sintering. It can be seen 
that this preform also had open porosity, but its pores were much smaller than those 
in the foam and the bonding between the alumina particles were weaker than those 
in the foams. Additionally, macroscopically isotropic microstructures were revealed 
as well as the foams, anticipating isotropic properties of the final composites. An Al-
10Mg interpenetrating composite made from the Al2O3 powder/fibre-based preform is 
show in Figure 4.62(b). It shows more porosity compared with the foam-based IPCs 
(Figure 6), although the level was still negligible. The reason is likely to be the 
narrower channels that will have existed in the higher packing density perform, which 
the molten alloy could not infiltrate. 
 
 
Figure 4.62. SEM secondary electron micrographs of (a) 30% dense Al2O3 powder/fibre 
preform and (b) its Al-10Mg composite produced using pressureless infiltration. 
 
The results of wear testing 27% alumina foam reinforced IPCs and the 30% alumina 
powder/fibre-based composite under the 20 N load for 250 m (5000 cycles) and 
5000 m (100,000 cycles) are shown in Table 4.11. From the table, the foam-based 
IPC is about twice as wear resistant after both sliding distances, despite having 
slightly less ceramic content. This could be explained by the results of the Rockwell 
hardness test, as Table 4.9 and 4.12 show, that the foam-based IPC is harder than 
those based on powder/fibres suggesting that the former provides higher load 
bearing capacity. 
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Table 4.11. Wear rates of the Al(Mg)/Al2O3 composites after 250 m and 5000 m sliding under 
20 N load, in m3/m (×10-12). 
Materials Al(Mg)/27% Al2O3 foam, 150-
200 µm 
Al(Mg)/30% Al2O3 
powder/fibre 
250 m 3.7±0.3 7.0±1.5 
5000 m 1.8±0.1 4.7±0.2 
 
Table 4.12. Rockwell B hardness of the Al(Mg)/Al2O3 composites. 
Materials Al(Mg)/30% Al2O3 powder/fibre 
Rockwell G hardness 66±2 
 
The worn surfaces and wear debris of the two kinds of composites were examined 
by SEM and the micrographs are shown in Figure 4.63. Severe grooves along the 
sliding direction can be observed in Figure 4.63(a) only in the metal phase, which 
appears bright in the image; the dark Al2O3 struts protruded out and contributed to 
the wear resistance of the composite. The wear debris of the foam-based composite, 
Figure 4.63(b), mainly consisted of Al alloy flakes that were cut from the composite 
by the counter ball, and some dispersed fine Al2O3 chips found on the flake surfaces. 
In Figure 4.63(c), the ceramic phase protruding out the worn surface was observed 
as the brighter region. The wear debris of the powder/fibre reinforced composite, 
shown in Figure 4.63(d), contained metal flakes as well, but thicker debris was 
observed which might contain ceramic particles inside as a stronger peak of oxygen 
was identified by EDS than in the wear debris from the foam-based IPC. It can also 
be seen in Figure 4.63(d) that some Al2O3 powder/fibres were ground off along with 
the metal.  
 
In the ceramic foam reinforced Al alloy composite, the 3-dimensionally connected 
ceramic struts were dense and strong due to sintering and hence did not show 
fracture or breakage of the ceramic phase which is often reported in AMCs made by 
adding ceramic powders or fibres into Al, or infiltrating a bed of ceramic powder or 
fibre. Under the sliding wear testing conditions, as discussed earlier, the counter ball 
was grinding the ceramic phase and only chipping off some fine ceramic debris. The 
main material loss was from the soft metal phase, which suffered ploughing damage. 
Compared with the foam, the ceramic phase in the powder/fibre reinforced 
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composite was based on weaker bonding between the ceramic particles which could 
be more easily broken during wearing. Therefore, similar to what Kök [107] and Roy 
[132] found in their work, the wear resistance of the ceramic reinforced composites is 
not only dependent on the bulk hardness of the composites, it is also dependent on 
characteristics and properties of the ceramic phase itself. 
 
 
Figure 4.63. SEM secondary electron micrographs of (a) worn surface of Al(Mg)/Al2O3 foam 
interpenetrating composite after 5000 m sliding under 20 N load with its wear debris in (b); (c) 
worn surface of Al(Mg)/Al2O3 powder/fibre composite after 5000 m sliding under 20 N load 
with its wear debris in (d).  
 
4.3.1.4. Summary 
Ceramic / aluminium-magnesium interpenetrating composites produced using a 
pressureless infiltration technique exhibited good bonding between the metal and 
ceramic phases, promising an efficient enhancement in the wear resistance of 
aluminium alloy by ceramics. Under dry sliding wear test conditions, the ceramic 
foam/Al(Mg) interpenetrating composites exhibited a mechanism whereby initially the 
metal was smeared across the surface of the wear region of the composite. 
(c) 
100 µm SD 
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Subsequently, this metal layer was removed, causing significant material loss. After 
this the ceramic struts became exposed and protruded from the surface, resisting 
further wear and leading to a steady state situation. This two-stage wear behaviour 
was exhibited in all ceramic foam / Al(Mg) alloy IPCs. The characteristics of the 
ceramic foams appear to be very important in determining the wear properties of the 
composites. The denser the ceramic foam, the stronger the foam struts, and hence 
the more effective the composites were in resisting wear. However, a non-linear 
relationship between the foam cell size and the wear rate was observed; the 
composites with moderate mean foam cell sizes of about 300 µm exhibited better 
properties than composites with smaller (100 µm) or larger (500 µm) cell sizes. In 
addition, though both alumina foam-based IPCs and spinel foam-based IPCs yielded 
similar wear performance, and better than mullite foam-based IPCs in the dry sliding 
ball-on-flat wear test, the former‟s longer processing time and higher processing 
temperature would increase the cost, whilst the latter revealed a slightly worse wear 
resistance wear resistance but with much quicker processing at lower temperatures, 
potentially making them more attractive for commercialisation (the relative costs of 
alumina, spinel and mullite powder are almost the same when the mullite is calcined 
from kyanite). The SiC foam-based IPC did not show as good wear resistance as 
expected, probably due to the degradation of SiC and formation of a large amount of 
secondary phases when processed. Finally, compared with ceramic particle 
reinforced Al matrix composites, the foam-based interpenetrating composites 
showed a significantly better performance in this dry sliding ball-on-plat wear tests, 
suggesting that the ceramic foam worked more efficiently than the ceramic 
powder/fibre as reinforcement in Al alloys in under this wear conditions.  
 
4.3.2. Thermal Behaviour of IPCs 
 
In this section, the results of the thermal expansion behaviour of Al-Mg based IPCs 
are presented. The parameters which can affect the thermal expansion of IPCs were 
investigated, including foam density, different ceramic materials and temperature. 
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4.3.2.1. Effect of Foam Density 
Figure 4.64 shows the thermal strain of mullite-based IPCs as a function of ceramic 
content during heating. Note that the 0% mullite sample was a Al-10Mg alloy sample. 
It can be seen that the thermal expansion scales with the ceramic content. The more 
ceramic the composite contains, the less the composite expands. 
 
 
Figure 4.64. Thermal strain of mullite/Al-Mg IPCs as function of ceramic content when 
heated at 5°C/min. 
 
4.3.2.2. Effect of Ceramic Materials 
The thermal expansion behaviour of Al-Mg-based IPCs made from different ceramic 
materials is shown in Figure 4.65. Though with the same ceramic content, the 
alumina-based IPC expanded less than the others. However, pure alumina has a 
higher coefficient of thermal expansion (CTE) than pure mullite and pure spinel, so 
that with the same ceramic content the alumina-based IPC should have yielded a 
larger thermal strain than the spinel- and mullite-based IPCs. The reason may be 
that the spinel foam struts were not as dense as the alumina foam struts (Figure 
4.1(b) and Figure 4.59(b)), so that it did not restrict the expansion of the metal phase 
as effectively as the alumina foam did. The mullite-based IPCs had brittle Mg2Si 
formed at the interface, resulting in weaker bonding between the metal and the 
ceramic phases, hence reducing the ability of the ceramic phase to reduce the CTE. 
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Figure 4.65. Thermal strain of Al-Mg-based IPCs with 20% ceramic content and different 
ceramic materials when heated at 5°C/min. 
 
4.3.2.3. Effect of Temperature 
Figure 4.66 shows the CTE values of alumina-based composites as a function of 
temperature. It can be seen that the CTE values for both the two IPCs are not 
constant; they vary with temperatures. When heated from ambient, the CTE rises to 
a peak before 400°C and then it falls dramatically to be approximately equivalent to 
the value of alumina. This behaviour was very different from single component of 
pure aluminium metal or pure alumina, which both show steady and slow increasing 
of CTE with increasing temperature [95]. 
 
Skirl et al. [95] found a similar phenomenon with their IPCs, which were made of 
pure aluminium and porous alumina preform using gas pressure-based infiltration. 
This thermal behaviour of the IPCs is attributed to the stresses within the composites. 
At lower temperature, the stress between the metal and the ceramic phases is in 
balance in an elastic stress regime. As the temperature increases, the metal phase 
proceeds to flow with ductility increasing exponentially with temperature in typical 
creep type behaviour, and the stress on the ceramic phase is reduced, so that the 
CTE of the total composite becomes more dominated by the ceramic phase [95]. 
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Figure 4.66. CTEs for alumina-based IPCs for heating at 5°C/min. 
 
4.3.2.4. Heating-Cooling Cycle 
Figure 4.67 shows the thermal behaviour of the alumina-based IPCs in a heating-
cooling cycle. A clear hysteresis between heating and cooling was observed for both 
the composites with different ceramic contents. With high ceramic contents, the 
composite revealed a greater hysteresis. 
 
Figure 4.67. Strain for alumina-based IPC for heating at 5°C/min and cooling at 5°C/min. 
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4.3.2.5.  Summary 
The thermal behaviour of the IPCs was affected by the ceramic content, type and 
quality of ceramic materials, and temperature. The higher the ceramic content, the 
less the composite expanded, as expected. Ceramic foams with dense and strong 
foam struts could provide effective reduction of the thermal strain and strong bonding 
between the metal and the ceramic phases was crucial for the restriction of metal 
expansion by the ceramic phase. The variation of the CTEs at different temperatures 
could be understood by presuming that the metal phase proceeded to flow with 
increasing temperature below its melting point. In addition, a clear hysteresis was 
observed in the strain curved between heating and cooling. However, the done work 
is preliminary. To understand and explain the hysteresis, further work is needed. 
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From the results and discussion presented in Chapter 4, the following conclusions 
can be drawn: 
 
 Al(Mg)/Al2O3, Al-10Mg/mullite, Al-10Mg/spinel and Al(Mg)/SiC interpenetrating 
composites have been successfully produced in a nitrogen atmosphere by 
infiltrating Al-Mg alloy into ceramic foams with highly interconnected porosity. 
The use of Ar during heating and cooling improved the process by protecting 
the samples from excessive nitridation/oxidation. 
 
 Compared with the Al(Mg)/Al2O3 system, Al(Mg)/mullite and Al(Mg)/spinel 
systems could be produced in shorter times and/or at lower temperatures: 
samples of Al-10Mg/mullite could be fabricated at 915°C with an infiltration 
rate of ~2.6 mm/min, which was about 3-4 times faster than that of 
Al(Mg)/Al2O3 processed at the same temperature, whilst the sample of 
Al(Mg)/spinel could be fabricated at 890°C with an infiltration rate of ~3 
mm/min. The explanation for this behaviour is outlined below. 
 
 Characterisation of the microstructures of Al-10Mg alloy-based IPCs made 
from spinel and mullite foams suggested a similar composition of metal-
ceramic interface as observed in Al-10Mg/Al2O3 IPCs. The interfaces of all the 
oxide foam / Al-Mg alloy IPCs consisted of an oxide layer of MgO and 
MgAl2O4 near to the ceramic struts and a continuous, dense AlN layer bonded 
with the Al alloy. In addition, Mg2Si was observed in the mullite-based 
composite, resulting from the precipitation of the Mg in the metal phase with 
the Si released from the reactions between the ceramic and the metal.  
 
 The sessile drop tests suggested a reactive wetting process caused the 
spontaneous infiltration and that it was AlN that improved wetting and induced 
the infiltration by capillary action. It appeared that all the alumina, spinel and 
mullite foams underwent fundamentally the same mechanism during the 
spontaneous infiltration, in that Mg3N2 deposited on the ceramic surface and 
Chapter 5. Conclusions  
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then reacted with Al to form AlN, which largely reduced the solid / liquid 
interfacial energy and induced the infiltration of Al alloy into the ceramic 
preform under capillary forces. The faster infiltration rate of molten alloy into 
the spinel over alumina or mullite was probably due to the increased and 
faster deposition of the Mg3N2 onto the spinel foam surface. 
 
 SiC / Al-Mg interpenetrating composites have been produced by pressureless 
infiltration in a N2 atmosphere. The SiO2 layer reacted with Al and Mg to form 
Si, MgO and MgAl2O4. The Si and / or Mg2Si have been found to improve the 
wetting between the liquid metal and the ceramic foam, inducing the 
infiltration. However, the Si, MgO and MgAl2O4 that formed around the SiC 
could not completely protect it from the reaction with Al, so that Al4C3 was 
observed in the composite.  
 
 SiC / Al-Si interpenetrating composites have been successfully produced by 
pressureless infiltration in a N2 atmosphere with Mg vapour. The SiO2 layer on 
the SiC surface was completely replaced by a layer consisting of MgAl2O4 and 
Al. A mechanism has been proposed that the spontaneous infiltration is 
initiated by the AlN and the Si; the AlN can be formed from the reactions 
between the nitrogen and the metal and then coat the ceramic surface, and 
the Si is released from the reactions between the SiO2 and the metal. Al4C3 
was not observed due to the high content of Si in the Al alloy. Only very small 
amounts of Mg2Si were seen in the composite. 
 
 Magnesium in the aluminium alloy played a very important role in the 
infiltration process for all three ceramic foams. First, it scavenged the residual 
oxygen in the furnace atmosphere and hence reduced the oxygen partial 
pressure, which helped the infiltration. Second, it reacted with nitrogen to form 
magnesium nitride, which then reacted with aluminium to form aluminium 
nitride, which improved the wetting between the metal and ceramic foam. In 
addition, for the Al(Mg)/mullite system, the magnesium may have reacted with 
the alumina in the mullite foam to form spinel, which may have benefitted the 
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infiltration. Moreover, in the case of SiC-based IPCs, it reacted with SiO2 to 
release Si and hence helped the infiltration. 
 
 The results of wear tests showed that the interpenetrating composites 
exhibited a mechanism whereby initially the metal was smeared across the 
surface of the wear region of the composite. Subsequently, this metal layer 
was removed, causing significant material loss. After this the ceramic struts 
became exposed and protruded from the surface, resisting further wear and 
leading to a steady state situation. The characteristics of the ceramic foams 
appear to be very important in determining the wear properties of the 
composites. Interestingly, a non-linear relationship between the foam cell size 
and the wear rate was observed; the composites with moderate mean foam 
cell sizes exhibited better properties than composites with smaller or larger 
cell sizes. Compared with ceramic particle reinforced Al matrix composites, 
the foam-based interpenetrating composites showed a significantly better 
performance in this dry sliding ball-on-flat wear tests, indicating that the 
ceramic foam worked more efficiently than the ceramic powder/fibre as a 
reinforcement in Al alloys under this wear conditions. The IPCs demonstrated 
the same trend between the wear resistance and hardness. 
 
 The parameters that affected the thermal behaviour of IPCs included ceramic 
content, type and quality of ceramic materials, and temperature. The higher 
the ceramic content, the less the composite expanded. Ceramic foam with 
dense and strong foam struts could provide significant reduction of the 
thermal strain. Strong bonding between the metal and the ceramic phases 
was crucial for the restriction of metal expansion by the ceramic phase. A 
clear hysteresis was observed in the strain curve between heating and cooling. 
The variation of CTEs at different temperatures could be understood by the 
metal phase starting to deform with increasing temperature, even below its 
melting point.  
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In the current research, success has been achieved with producing interpenetrating 
composites by infiltrating Al-based alloy into a range of ceramic foams and the 
microstructures and some of the properties of these composites have been 
characterised. Areas for future work suggested based on the results, include: 
 
 Scaling up the processing, e.g. from 35 x 20 x 10 mm (currently the maximum 
size) to ~100 x 100 x 30 mm. An investigation of the maximum infiltration 
height, the variation of infiltration height in bulk foam and the infiltration of 
complex-shaped components is needed. 
 
 A more industrially viable route is needed to simplify the machining and 
finishing of the final composite component. The approach of simply placing 
the metal/foam assembly in a ceramic crucible works in the laboratory, but is 
probably not industrially viable. 
 
 For the Al-Mg / SiC system, a further investigation of the sequence of the 
Mg2Si formation and the induction of liquid metal infiltration would be helpful 
to gain a deeper understanding of the underpinning mechanism of the 
infiltration. 
 
 Parameters that influence the length of “initial stage” wear period for IPCs 
needs identifying since they are important for the evaluation of the IPCs for 
wear applications. 
 
 Thermal cycling tests for IPCs are needed to assist their application as 
electronic packaging materials. 
 
 Other physical and mechanical properties of the IPCs require characterisation 
such as electrical and thermal conductivity. 
 
Chapter 6. Future Work 
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Table 1. PDF card of spinel. 
Spinel (MgAl2O4) 
Pattern: 00-021-1152 
2θ D (Å) Intensity h k l 
19.0289 4.660000 35 1 1 1 
31.2711 2.858000 40 2 2 0 
36.8517 2.437000 100 3 1 1 
38.5235 2.335000 4 2 2 2 
44.8318 2.020000 65 4 0 0 
55.6583 1.650000 10 4 2 2 
59.3698 1.555400 45 5 1 1 
65.2410 1.428900 55 4 4 0 
68.6397 1.366200 4 5 3 1 
74.1303 1.278000 4 6 2 0 
77.3233 1.233000 8 5 3 3 
78.4013 1.218700 2 6 2 2 
82.6421 1.166600 6 4 4 4 
85.7591 1.132000 2 5 5 1 
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Table 2. PDF card of mullite. 
Mullite (Al6Si2O13) 
Pattern: 00-015-0776 
2θ D (Å) Intensity h k l 
16.4324 5.390000 50 1 1 0 
23.5538 3.774000 8 2 0 0 
25.9708 3.428000 95 1 2 0 
26.2671 3.390000 100 2 1 0 
30.9600 2.886000 20 0 0 1 
33.2282 2.694000 40 2 2 0 
35.2783 2.542000 50 1 1 1 
36.9932 2.428000 14 1 3 0 
37.5544 2.393000 <2 3 1 0 
38.9923 2.308000 4 0 2 1 
39.2756 2.292000 20 2 0 1 
40.8737 2.206000 60 1 2 1 
42.5898 2.121000 25 2 3 0 
42.9081 2.106000 8 3 2 0 
46.0588 1.969000 2 2 2 1 
47.2266 1.923000 2 0 4 0 
48.1841 1.887000 8 4 0 0 
48.8450 1.863000 <2 1 4 0 
49.4676 1.841000 10 3 1 1 
50.8120 1.795400 <2 3 3 0 
53.4615 1.712500 6 2 4 0 
53.8828 1.700100 14 3 2 1 
54.0926 1.694000 10 4 2 0 
57.5610 1.599900 20 0 4 1 
58.4120 1.578600 12 4 0 1 
58.9943 1.564400 2 1 4 1 
59.7631 1.546100 2 4 1 1 
60.7114 1.524200 35 3 3 1 
61.4925 1.506700 <2 1 5 0 
62.6743 1.481100 <2 5 1 0 
63.0536 1.473100 <2 2 4 1 
63.6610 1.460500 8 4 2 1 
64.5709 1.442100 18 0 0 2 
65.4935 1.424000 4 2 5 0 
66.5144 1.404600 8 5 2 0 
67.1304 1.393200 <2 1 1 2 
69.6165 1.349400 6 2 0 2 
69.8059 1.346200 <2 4 4 0 
70.4417 1.335600 12 1 5 1 
70.8439 1.329000 5 1 2 2 
70.9915 1.326600 <2 2 1 2 
71.5757 1.317200 4 5 1 1 
71.9035 1.312000 3 3 5 0 
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72.6466 1.300400 4 5 3 0 
73.9008 1.281400 7 0 6 0 
74.1913 1.277100 13 2 5 1 
74.5803 1.271400 6 2 2 2 
75.1618 1.263000 12 5 2 1 
75.5551 1.257400 <2 6 0 0 
76.8360 1.239600 6 1 3 2 
77.1823 1.234900 2 3 1 2 
78.3112 1.219900 2 4 4 1 
78.8353 1.213100 <2 2 6 0 
80.4801 1.192400 4 2 3 2 
81.0457 1.185500 3 5 3 1 
84.4932 1.145700 <2 4 0 2 
87.0016 1.119000 1 2 6 1 
88.5693 1.103200 4 2 4 2 
89.0895 1.098100 5 4 2 2 
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Table 3. PDF card of alumina. 
Alumina (Al2O3) 
Pattern: 00-010-0173 
2θ d(Å) Intensity h k l 
25.5835 3.479000 75 0 1 2 
35.1356 2.552000 90 1 0 4 
37.7837 2.379000 40 1 1 0 
41.6834 2.165000 <1 0 0 6 
43.3620 2.085000 100 1 1 3 
46.1829 1.964000 2 2 0 2 
52.5512 1.740000 45 0 2 4 
57.5177 1.601000 80 1 1 6 
59.7673 1.546000 4 2 1 1 
61.1641 1.514000 6 1 2 2 
61.3435 1.510000 8 0 1 8 
66.5465 1.404000 30 2 1 4 
68.1962 1.374000 50 3 0 0 
70.3570 1.337000 2 1 2 5 
74.2661 1.276000 4 2 0 8 
76.8800 1.239000 16 1 0 10 
77.2268 1.234300 8 1 1 9 
80.6922 1.189800 8 2 2 0 
83.2166 1.160000 <1 3 0 6 
84.3753 1.147000 6 2 2 3 
85.1808 1.138200 2 1 3 1 
86.3752 1.125500 6 3 1 2 
86.4613 1.124600 4 1 2 8 
89.0177 1.098800 8 0 2 10 
90.6622 1.083100 4 0 0 12 
91.2011 1.078100 8 1 3 4 
95.2597 1.042600 14 2 2 6 
98.4065 1.017500 2 0 4 2 
101.0917 0.997600 12 2 1 10 
102.7879 0.985700 <1 1 1 12 
103.3450 0.981900 4 4 0 4 
109.5222 0.943100 <1 3 2 1 
109.8330 0.941300 <1 1 2 11 
111.0290 0.934500 4 3 1 8 
114.1258 0.917800 4 2 2 9 
116.1411 0.907600 14 3 2 4 
116.6303 0.905200 4 0 1 14 
117.9013 0.899100 8 4 1 0 
120.2334 0.888400 <1 2 3 5 
122.0711 0.880400 4 4 1 3 
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124.6467 0.869800 2 0 4 8 
127.7309 0.858000 12 1 3 10 
129.9162 0.850200 4 3 0 12 
131.1481 0.846000 4 2 0 14 
136.1621 0.830300 22 1 4 6 
142.3963 0.813700 4 1 1 15 
145.2082 0.807200 11 4 0 10 
149.2869 0.798800 7 0 5 4 
150.2438 0.797000 14 1 0 16 
152.4445 0.793100 13 3 3 0 
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Table 4. PDF card of aluminium. 
Aluminium (Al) 
Pattern: 00-004-0787 
2θ d(Å) Intensity h k l 
38.4721 2.338000 100 1 1 1 
44.7384 2.024000 47 2 0 0 
65.1334 1.431000 22 2 2 0 
78.2272 1.221000 24 3 1 1 
82.4354 1.169000 7 2 2 2 
99.0776 1.012400 2 4 0 0 
112.0413 0.928900 8 3 3 1 
116.5688 0.905500 8 4 2 0 
137.4550 0.826600 8 4 2 2 
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Table 5. PDF card of magnesium silicide. 
Magnesium silicide (Mg2Si) 
Pattern: 00-001-1192 
2θ d(Å) Intensity h k l 
24.0319 3.700000 40 1 1 1 
27.8572 3.200000 10 2 0 0 
40.0398 2.250000 100 2 2 0 
47.3049 1.920000 15 3 1 1 
49.4963 1.840000 2 2 2 2 
57.9533 1.590000 20 4 0 0 
63.3944 1.466000 6 3 3 1 
65.1846 1.430000 2 4 2 0 
72.4142 1.304000 40 4 2 2 
77.6220 1.229000 5 5 1 1 
86.0422 1.129000 8 4 4 0 
91.1035 1.079000 3 5 3 1 
99.5314 1.009000 9 6 2 0 
128.8357 0.854000 6 6 4 2 
130.8511 0.847000 3       
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Table 6. PDF card of aluminium nitride. 
Aluminium nitride (AlN) 
Pattern: 00-025-1133 
2θ d(Å) Intensity h k l 
33.2155 2.695000 100 1 0 0 
36.0401 2.490000 60 0 0 2 
37.9161 2.371000 80 1 0 1 
49.8142 1.829000 25 1 0 2 
59.3488 1.555900 40 1 1 0 
66.0524 1.413300 30 1 0 3 
69.7288 1.347500 5 2 0 0 
71.4380 1.319400 25 1 1 2 
72.6272 1.300700 10 2 0 1 
76.4424 1.245000 1 0 0 4 
81.0870 1.185000 4 2 0 2 
85.9381 1.130100 1 1 0 4 
94.8403 1.046100 9 2 0 3 
98.2892 1.018400 3 2 1 0 
101.0638 0.997800 7 2 1 1 
104.8337 0.972000 2 1 1 4 
109.6255 0.942500 3 2 1 2 
111.1184 0.934000 6 1 0 5 
114.8256 0.914200 <1 2 0 4 
118.0923 0.898200 4 3 0 0 
125.1015 0.868000 10 2 1 3 
131.5077 0.844800 5 3 0 2 
136.3340 0.829800 1 0 0 6 
148.2615 0.800800 5 2 0 5 
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Table 7. PDF card of magnesium oxide. 
Magnesium oxide (MgO) 
Pattern: 00-045-0946 
2θ d(Å) Intensity h k l 
36.9360 2.431630 4 1 1 1 
42.9158 2.105640 100 2 0 0 
62.3021 1.489050 39 2 2 0 
74.6889 1.269820 5 3 1 1 
78.6278 1.215780 10 2 2 2 
94.0484 1.052810 8 4 0 0 
105.7302 0.966212 2 3 3 1 
109.7609 0.941716 19 4 2 0 
127.2793 0.859669 14 4 2 2 
143.7452 0.810508 4 5 1 1 
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Table 8. PDF card of magnesium nitride. 
Magnesium nitride (Mg3N2) 
Pattern: 00-035-0778 
2θ d(Å) Intensity h k l 
21.8415 4.065860 25 2 1 1 
25.2583 3.523050 <1 2 2 0 
31.0773 2.875380 44 2 2 2 
33.6362 2.662250 62 3 2 1 
36.0351 2.490330 46 4 0 0 
38.2800 2.349290 <1 4 1 1 
40.4510 2.228070 1 4 2 0 
42.5288 2.123900 60 3 3 2 
44.5218 2.033340 1 4 2 2 
46.4277 1.954210 8 4 3 1 
50.1057 1.819040 6 5 2 1 
51.8678 1.761310 100 4 4 0 
56.9156 1.616500 5 5 3 2 
58.5663 1.574810 1 6 2 0 
60.1412 1.537280 7 5 4 1 
61.7154 1.501790 5 6 2 2 
63.2461 1.469080 8 6 3 1 
64.7810 1.437930 7 4 4 4 
66.2570 1.409430 1 5 4 3 
67.7260 1.382390 <1 6 4 0 
69.2169 1.356210 27 7 2 1 
70.6580 1.332040 <1 6 4 2 
74.9877 1.265500 18 7 3 2 
76.3989 1.245600 7 8 0 0 
77.8010 1.226620 2 5 5 4 
81.9866 1.174260 1 6 6 0 
84.7338 1.143060 2 6 6 2 
86.0953 1.128440 3 7 5 2 
87.4651 1.114260 3 8 4 0 
88.8356 1.100580 <1 8 3 3 
91.5828 1.074600 6 6 5 5 
92.9576 1.062280 1 6 6 4 
94.3322 1.050390 2 8 5 1 
97.0708 1.027910 7 9 3 2 
98.4574 1.017110 8 8 4 4 
99.8413 1.006700 3 9 4 1 
101.2285 0.996621 <1 8 6 0 
102.6275 0.986804 3 10 1 1 
104.0233 0.977344 <1 10 2 0 
105.4463 0.968031 1 9 4 3 
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108.3351 0.950104 4 10 3 1 
111.2438 0.933300 1 8 7 1 
112.6827 0.925423 <1 10 4 0 
114.2166 0.917329 2 10 3 3 
115.7084 0.909747 <1 10 4 2 
117.2293 0.902301 <1 9 5 4 
120.3730 0.887779 5 10 5 1 
121.9528 0.880904 1 8 8 0 
126.9443 0.860920 5 9 7 2 
128.6562 0.854642 1 10 6 0 
130.4719 0.848288 <1 11 4 1 
134.1593 0.836309 1 9 6 5 
136.0980 0.830487 <1 12 0 0 
138.1035 0.824796 2 9 8 1 
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Table 9. PDF card of silicon carbide. 
Silicon carbide (SiC) 
Pattern: 00-029-1131 
2θ d(Å) Intensity h k l 
34.1817 2.621000 40 1 0 1 
35.7284 2.511000 100 1 0 2 
38.2342 2.352000 20 1 0 3 
41.5029 2.174000 10 1 0 4 
60.1533 1.537000 35 1 1 0 
65.8056 1.418000 15 1 0 9 
71.9669 1.311000 40 1 1 6 
73.5928 1.286000 15 2 0 3 
75.6541 1.256000 7 0 0 12 
90.2470 1.087000 15 2 0 8 
95.3321 1.042000 7 2 0 9 
100.2082 1.004000 15 2 1 1 
104.7266 0.972700 15 1 1 12 
120.4133 0.887600 15 2 1 8 
126.5517 0.862400 7 2 1 9 
133.9361 0.837000 9 2 1 10 
147.6146 0.802100 9 2 0 15 
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Table 10. PDF card of cristobalite. 
Cristobalite (SiO2) 
Pattern: 00-039-1425 
2θ d(Å) Intensity h k l 
21.9844 4.039740 100 1 0 1 
25.3193 3.514700 <1 1 1 0 
28.4383 3.135920 8 1 1 1 
31.4612 2.841160 9 1 0 2 
36.0790 2.487400 13 2 0 0 
36.3801 2.467500 4 1 1 2 
38.4090 2.341700 <1 2 0 1 
42.6550 2.117910 2 2 1 1 
44.8418 2.019570 2 2 0 2 
47.0618 1.929350 4 1 1 3 
48.6096 1.871470 4 2 1 2 
51.9387 1.759070 <1 2 2 0 
52.8676 1.730330 <1 0 0 4 
54.1545 1.692210 2 2 0 3 
56.2184 1.634880 <1 1 0 4 
57.0824 1.612170 3 3 0 1 
57.5055 1.601310 1 2 1 3 
58.6783 1.572070 <1 3 1 0 
58.8682 1.567450 <1 2 2 2 
60.3022 1.533560 2 3 1 1 
62.0174 1.495200 2 3 0 2 
65.1002 1.431650 2 3 1 2 
65.6481 1.421020 1 2 0 4 
66.8111 1.399080 1 2 2 3 
68.6740 1.365600 2 2 1 4 
69.4181 1.352770 <1 3 2 1 
69.7881 1.346500 <1 3 0 3 
70.5400 1.333980 1 1 0 5 
72.6881 1.299760 1 3 1 3 
73.9056 1.281330 1 3 2 2 
77.3099 1.233180 <1 2 2 4 
78.0180 1.223750 <1 4 0 1 
79.3917 1.205990 1 4 1 0 
81.1475 1.184270 1 3 2 3 
81.8596 1.175760 <1 2 1 5 
82.8812 1.163840 <1 3 1 4 
83.6171 1.155460 <1 3 3 1 
87.8368 1.110500 <1 3 3 2 
89.1172 1.097830 1 4 2 1 
89.2769 1.096280 1 1 1 6 
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Table 11. PDF card of aluminium carbide. 
Aluminium carbide (Al4C3) 
Pattern: 00-035-0799 
2θ d(Å) Intensity h k l 
10.6037 8.336090 2 0 0 3 
21.3045 4.167110 10 0 0 6 
31.1122 2.872230 54 1 0 1 
31.7392 2.816910 100 0 1 2 
32.2322 2.774940 13 0 0 9 
35.8490 2.502830 54 0 1 5 
40.0840 2.247620 83 1 0 7 
42.5738 2.121760 10 0 1 8 
43.4299 2.081900 49 0 0 12 
48.0738 1.891070 23 1 0 10 
51.0557 1.787400 13 0 1 11 
55.0415 1.667020 86 0 0 15 
57.5303 1.600680 <1 1 0 13 
59.6225 1.549410 <1 1 1 6 
60.9195 1.519490 18 0 1 14 
64.5232 1.443050 4 0 2 1 
64.8731 1.436110 10 2 0 2 
65.1641 1.430400 6 1 1 9 
67.3599 1.389010 9m 2 0 5 
68.1612 1.374620 <1 1 0 16 
70.1619 1.340240 11 0 2 7 
71.9770 1.310840 10 0 1 17 
72.4747 1.303060 28 1 1 12 
75.9780 1.251450 3 0 2 10 
78.3395 1.219530 2 2 0 11 
80.0886 1.197240 5 1 0 19 
86.5524 1.123650 5 2 0 14 
89.7421 1.091800 3 2 1 1 
90.0443 1.088920 7 1 2 2 
 
 
